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I.  INTRODUCTION 


This  report  covers  the  period  June  1989  through  May  1993  of  Contract  000 14-89- J- 1990 
and  the  period  June  1992  through  December  1992  of  Contract  N00014-92-J-1606.  The  research 
sponsored  by  the  Office  of  Naval  Research  (ONR)  under  these  two  contracts  involves  basic 
studies  of  the  electrical  properties  of  the  liquid  state  of  matter.  The  liquid  state  of  matter  has 
been  characterized  as  "the  least  understood  state  of  matter"  and  perhaps  this  is  the  reason  the 
knowledge  base  of  the  liquid  phase  which  is  necessary  for  technological  innovations  is  so  limited 
compared  to  the  solid  and  the  gaseous  phases. 

Given  the  intrinsic  difficulties  associated  with  physical  studies  of  liquids  (liquids  lack  the 
order  of  the  crystal  and  the  large  inter-particle  distances  of  the  gas)  we  set  out  to  develop  new 
experimental  techniques  for  and  new  approaches  to  the  study  of  the  electrical  properties  of 
liquids.  The  stated  goals  of  this  research  were: 

(1)  To  establish  a  fundamental  understanding  of  key  basic  processes  and  phenomena  which 
determine  the  electrical  properties  of  fluids,  and 

(2)  To  use  the  new  knowledge  provided  by  the  basic  studies  to  benefit  technological 
applications,  especially  in  the  areas  of  electrical  breakdown  of  liquids,  radiation  detectors, 
pulsed  power  switches  and  laser  interactions  in  liquids. 

To  meet  these  two  goals  we  emphasized  studies  in  the  following  areas: 

(a)  Electron  production  via  ionization  and  injection  in  nonpolar  liquids  and  dense  gases; 

(b)  Electron  and  ion  transport  in  pure  liquids  and  liquid  mixtures; 

(c)  Electron  attachment  and  photodetachment  in  liquids; 

(d)  Electron  energetics  in  and  mechanisms  of  the  above  processes; 

(e)  Electrical  breakdown  and  partial  discharge  in  pure  liquids  and  mixtures  at  high  electric 
fields; 
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(f)  Technical  aspects  of  liquids  for  advanced  radiation  detectors  and  pulsed  power  switches; 

(g)  Further  development  of  liquid-filled  flashlamp-operated  pulsed  power  switch. 

Our  approach  has  been  comprehensive  and  relied  heavily  on  our  experience  and  earlier  work 
on  electron  conduction  and  interactions  in  low  and  high  pressure  gases  [e.g.,  see  1-11], 
multiphoton  ionization  processes  in  liquids  [e.g.,  see  12-15]  and  gaseous  dielectrics  [e.g.,  see  16- 
21].  We  aimed  at  bringing  together  knowledge  on  photon,  electron  and  ion  interactions  with 
molecules  in  fluids  from  the  low  density  gas  to  the  liquid  in  a  comprehensive  and  systematic 
manner  in  order  to  better  understand  the  electrical  properties  of  the  liquid  state  of  matter.  To  this 
end  we  focussed  on  nonpolar  hydrocarbon  liquids  with  conduction  bands  (those  with  <  0  eV; 
V„  is  the  energy  of  the  excess  electron  at  the  bottom  of  the  liquid  conduction  band).  The  excess 
electrons  is  such  liquids  are  quasi-free  (not  localized)  and  their  transport  properties  and  reactions 
are  more  likely  to  relate  to  gas-phase  properties  compared,  say,  to  polar  liquids.  Excess  electrons 
in  such  liquids  are  normally  characterized  by  high  electron  mobilities;  such  liquids  we  refer  to 
as  fast.  As  a  rule,  such  liquids  are  composed  of  spherically-shaped  molecules  and  usually  contain 
a  central  atom  such  as  C,  Si,  Ge,  or  Sn  with  four  methyl  groups  attached  to  it.  They  include  2,2- 
dimethylpropane  (neopentane)  (TMC;  €(€113)4);  tetramethyl  silane  (TMS;  Si(€H3)4);  tetramethyl- 
germanium  (TMG;  Ge(€H3)4),  tetramethyltin  (TMT;  Sn(€Hj)4)  and  2,2,4, 4-tetramethylpentane 
(TMP)  (€H,)3  GGHj  €(€H3)3). 

The  techniques  we  employed  and  the  new  techniques  we  developed  for  such  studies,  as  well 
as  the  results  we  obtained  and  their  utilization  for  applications  are  briefly  summarized  in  this 
report.  For  details  the  reader  is  referred  to  the  publications  that  resulted  from  these  studies  which 
are  listed  in  Table  1  (see  also  Appendices  A  through  E). 
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Table  1:  PUBLICATIONS* 

1.  Faidas,  H.,  Christophorou,  L.  G.,  McCorkle,  D.  L.,  and  Carter,  J.  G.,  "Electron  Drift 
Velocities  and  Electron  Mobilities  in  Fast  Room-Temperature  Dielectric  Liquids  and  Their 
Corresponding  Vapors" 

Nucl.  Instr.  and  Meth.  A294,  (1990),  pp.  575-582 

2.  Christophorou,  L.  G.,  Faidas,  H.,  and  McCorkle,  D.  L. 

"Ultrafast  and  Ultrasensitive  Dielectric  Liquids/Mixtures:  Basic  Measurements  and 
Applications" 

In  Non-Equilibrium  Effects  in  Ion  and  Electron  Transport  (E.  E.  Kunhardt,  R.  Van  Brunt, 
J.  Gallagher,  and  D.  Hudson,  Eds.)  Plenum  Press,  New  York  (1990),  pp.  313-328 

3.  Faidas,  H.,  Christophorou,  I^.  G.,  and  McCorkle,  D.  L. 

"Electron  Transport  in  Fast  Dielectric  Liquids  at  High  Applied  Electric  Fields" 
Proceedings  of  10th  International  Conference  on  Conduction  and  Breakdown  in  Dielectric 
Liquids,  Grenoble,  France,  September  10-14,  1990  (P.  Atten,  R.  Tobazeon,  Eds.),  (1990), 
pp.  34-38 

4.  Christophorou,  L.  G.,  and  Faidas,  H. 

"Dielectric-Liquid  Pulse  Power  Switch" 

Proceedings  of  10th  International  Conference  on  Conduction  and  Breakdown  in  Dielectric 
Liquids,  Grenoble,  France,  September  10-14,  1990  (P.  Atten,  R.  Tobazeon,  Eds.)  (1990), 
pp.  454-458 

5.  Faidas,  H.,  Christophorou,  L.  G.,  McCorkle,  D.  L.,  and  Carter,  J.  G. 

"Electron  Drift  Velocities  in  Fast  Dielectric  Liquids  and  Their  Vapors” 

In  "Gaseous  Dielectrics  VI, "  (L.  G.  Christophorou  and  I.  Sauers,  Eds.),  Plenum  Press,  New 
York,  (1991),  pp.  179-185 

6.  Faidas,  H.,  McCorkle,  D.  L.,  and  Christophorou,  L.  G. 

"Warm  Liquids  for  SSC  Calorimetry:  Electron  Transport  and  Electrical  Properties" 

In  "Symposium  on  Detector  Research  and  Development  for  the  SSC, "  (T.  Dombeck,  V. 
Kelly,  and  G.  P.  Yost,  Eds.),  World  Scientific,  New  Jersey  (1991),  pp.  365-367 

7.  Faidas,  H.,  Christophorou,  L.  G.,  and  McCorkle,  D.  L. 

"Electron  Transport  in  Fast  Dielectric  Liquids  at  High  Applied  Electric  Fields,"  IEEE  Trans. 
Electr.  Ins.  26,  (1991),  pp.  568-573 

8.  Christophorou,  L.  G. 

Chasing  Electrons  in  Gases  and  Liquids 
ORNL  Review  24,  (No.  3&4),  pp.  9-19  (1991) 
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9.  Faidas,  H.,  Christophorou,  L.  G.,  and  McCorkle,  D,  L, 

"Laser  Photodetachment  in  Liquids:  QF^'  in  Tetraraethylsilane" 

Chem.  Phys.  Utt.  193,  (1992),  pp.  487-492 

10.  Faidas,  H.  and  Christophorou,  L.  G. 

"The  Low  Field  Electron  Mobility  of  Tetramethylsilane" 

Nucl.  Instr.  Meth.  A320,  (1992),  pp.  608-609 

11.  Christophorou,  L.  G. 

Linking  the  Gaseous  and  the  Condensed  Phases  of  Matter:  The  Slow  Electron  and  Its 
Interactions 

In  "Linking  the  Gaseous  and  the  Condensed  Phases  of  Matter,"  L.  G.  Christophorou,  W.  F. 
Schmidt,  and  E.  Illenberger  (Eds.),  Plenum  Press,  New  York,  1993  (to  be  published) 

12.  Faidas,  H.  and  Christophorou,  L.  G. 

Photodetachment  in  Dense  Fluids  as  a  Function  of  Fluid  Density 
J.  Chem.  Phys.  (to  be  published) 


^Papers  published  under  the  partial  support  of  this  contract. 
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II.  ELECTRON  AND  ION  TRANSPORT  IN  FAST  DIELECTRIC  LIQUIDS 


A.  Background 

The  measurement  of  the  electron  drift  velocity,  the  electron  mobility,  and  the  electron 
diffusion  coefficient  in  nonpolar  fast  liquids  requires  the  availability  of  fast  electronics  and  an 
efficient  means  of  injecting  a  short  pulse  of  free  electrons  in  the  liquid.  Based  on  how  and  where 
the  electrons  are  produced  in  the  medium  the  various  techniques  for  the  measurement  of  electron 
drift  velocity  can  be  divided  into  the  following  three  categories. 

(i)  The  bulk  ionization  techniques.  In  these  techniques  the  electrons  are  produced  by  a  pulse 
of  x-rays  or  high-energy  electrons  which  uniformly  ionizes  the  entire  volume  of  the  liquid 
between  two  electrodes. 

(ii)  The  external  photoinjection  techniques.  In  these  techniques  a  light  pulse  (usually  a  UV 
laser)  injects  a  pulse  of  electrons  from  a  metal  photocathode  into  the  liquid. 

(iii)  The  layer  ionization  techniques.  In  these  methods  a  thin  x-ray  pulse  or  a  pulsed  laser  beam 
(the  latter  multiphotonically)  ionizes  a  thin  slice  of  the  medium  parallel  to  the  electrodes. 
We  have  developed  two  new  electron  drift  velocity  measuring  techniques:  one  using  laser 

photoinjection  and  another  using  laser  multiphoton  (layer)  ionization,  in  order  to  carry  out  the 
measurements  conducted  under  this  contract.  The  photoinjection  technique  has  the  advantage  that 
the  electron  pulse  it  produces  can  be  very  nearly  approximated  to  be  a  delta  function  in  both 
space  and  time.  This,  in  turn,  allows  accurate  measurements  in  ultrafast  liquids  (those  with  very 
high  electron  drift  velocities)  at  high  electric  fields  where  the  electron  drift  times  are  very  short. 
Furthermore,  the  electrons  are  produced  in  such  a  way  that  recombination  and  fringe  field  effects 
are  negligible.  Under  certain  circumstances  the  layer  ionization  technique  can  provide  better 
accuracy  at  low  electric  fields. 

B.  Experimental  Techniques 

Laser  photoinjection  technique.  A  schematic  of  the  experimental  set-up  is  shown  in  Fig.  1. 
The  cell  containing  the  sample  (liquid  or  gas)  consisted  of  a  six  way  stainless  steel  cube  with  two 
sapphire  windows  for  the  entry  and  exit  of  the  laser  beam,  two  electrical  feedthroughs  for  the 
application  of  high  voltage  and  the  extraction  of  the  signal,  and  liquid  and  vacuum  ports.  All  cell 
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TRIGGERING/ 
TIME  DELAY 


Experimental  set-up  for  the  drift  velocity  measurements.  Recently  the  Excimer  laser  has  been  replaced  by  a  Nitrogen 
laser  with  600  ps  pulse  duration. 


components  were  designed  for  high  temperature  (up  to  400°C),  high  voltage  (up  to  40  kV)  and 
high  pressure  (up  to  150  atm)  operation.  The  electrodes  were  two  stainless  steel  (or  aluminum) 
circular  disks  25  to  30  mm  in  diameter,  parallel  to  each  other  at  distances,  d,  ranging  from  2  to 
7  mm.  Negative  voltages,  V,  ranging  from  200  V  to  40  kV  corresponding  to  electric  fields  (E 
=  V/d)  up  to  150  kV/cm  were  applied  to  the  high  voltage  electrode.  For  the  photoinjection 
experiments,  an  excimer  laser  (X  =  308  nm,  pulse  duration  ~  15  ns)  or  a  nitrogen  laser  (X  =  337 
nm,  pulse  duration  -  0.6  ns)  beam  was  striking  the  center  of  the  negative  electrode  in  a  circular 
area  of  ~  5  mm  in  diameter,  (see  Fig.  1).  The  electrons  injected  into  the  liquid  (or  the  dense  gas) 
by  the  laser  pulse  drifted  under  the  influence  of  the  applied  uniform  electric  field  and  the  signal 
induced  on  the  anode  was  measured  in  two  different  ways. 

(i)  In  the  voltage  mode  (Fig.  2a)  the  signal  was  fed  to  a  fast  response  (~  3  ns)  charge  sensitive 
preamplifier  with  a  very  large  input  resistance  (R  =  10“*  C2).  It  was  then  captured, 
averaged,  and  stored  by  a  fast  transient  digitizer  (Tektronix  7912  AD  or  LeCroy  9420). 
This  mode  of  operation  is  better  suited  for  low  applied  electric  fields  and  for  weak  signals. 

(ii)  In  the  current  mode  (Fig.  2b)  the  signal  was  fed  directly  to  the  fast  digitizer  (bandwidth  350 
MHz  or  better,  corresponding  to  a  risetime  of  less  than  1  ns)  through  a  50  Q  input 
resistance.  This,  in  effect,  corresponds  to  electronic  differentiation  of  the  voltage  mode 
signal  and  gives  the  transient  current  waveform.  Typical  drift  times  ranged  from  1  ps  to 
30  ns.  Typical  voltages  across  the  50  resistor  ranged  from  5  to  500  mV  corresponding 
to  transient  currents  from  0.1  to  10  mA.  This  mode  of  operation  is  better  suited  for  high 
applied  electric  fields  and  for  strong,  fast  signals. 

From  these  waveforms  the  electron  drift  time  x  -  defined  as  the  risetime  of  the  voltage 
waveforms  or  the  full  width  at  half  maximum  (FWHM)  of  the  current  waveforms  -  was 
determined  at  each  value  of  the  applied  electric  field  E.  Once  t(E)  was  obtained,  the  electron 
drift  velocity  w(E)  and  the  electron  mobility  p(E)  were  calculated,  respectively,  from 
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>v(£)  =  dix 


(1) 


and  n(£)  =  ^  (2) 

E  xV 

Numerical  differentiation  of  the  current  waveforms  gives  the  rate  of  charge  injection  at  the 
cathode  aii^  charge  collection  at  the  anode  (see  Fig.  2c,  d).  Besides  w,  the  analysis  of  the  current 
and  charge  injection  waveforms  gave  information  on  the  electron  transport  processes.  For 
example,  the  dispersion  in  the  electron  collection  times  can  give  information  on  the  longitudinal 
electron  diffusion  coefficient  Dl. 

To  check  the  accuracy  of  the  technique  for  measuring  w  and  its  feasibility  for  measuring 
Dl  we  conducted  experiments  on  gaseous  Ar  whose  w  and  Dl  values  are  known  [1].  The  w 
values  we  obtained  were  within  1  to  2  percent  of  the  published  data  and  the  Dl  values  were 
within  the  experimental  uncertainly  of  5  to  20  percent. 

Laser  Ionization  Technique.  Under  certain  circumstances  bulk  ionization  (multiphoton 
ionization  of  the  medium  or  impurities  in  it)  might  interfere  with  the  drift  velocity  measurements 
when  using  the  photoinjection  technique  (Fig.  3a).  For  this  reason  we  developed  the  layer 
ionization  method  which  gives  more  accurate  results  at  low  electric  fields.  The  principle  of  this 
technique  is  shown  in  Fig.  3b.  Here  a  short  laser  pulse  (X  =  337  nm,  duration  0.6  ns)  is  usee- 
to  ionize  biphotonically  the  liquid  medium.  The  laser  beam  passes  through  a  very  narrow  (0.02 
cm)  slit  and  transverses  the  liquid  parallel  to  the  two  electrode  plates.  The  electrons  drift  under 
the  influence  of  either  a  positive  or  a  negative  applied  voltage  and  the  induced  signal  is  measured 
directly  with  a  digital  oscilloscope.  The  drift  time  -  defined  as  the  time  interval  from  the  onset 
of  the  signal  pulse  to  the  half-height  of  the  signal  amplitude  at  collection  -  is  measured  for  both 
positive  (x+)  and  negative  (tJ  applied  voltages.  The  total  drift  time  (the  electron  drift  time  from 
one  electrode  to  the  other)  then  is  t  =  +  t..  The  electron  drift  velocity  is  then  calculated  using 

Eq.  (1)  and  the  electron  mobility  using  Eq.  (23.  Figure  4  shows  the  positive  and  the  negative 
waveforms  and  their  sum  for  the  particular  case  where  the  laser  beam  passes  just  off  the  middle 
of  the  interelectrode  distance.  In  this  case  the  peak  in  the  sum  waveform  corresponds  to  t/2. 
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SIGNAL  (arb.  units) 


Ionic  Drift  Velocity  Measurement.  Ions  (positive  or  negative)  in  liquids  or  in  dense  gases 
are  much  slower  than  electrons  (by  factors  of  ~  10’).  For  this  reason  the  difficulty  in  measuring 
ionic  drift  velocities  is  not  in  the  speed  of  the  electronics,  but  rather  in  the  sensitivity  necessary 
to  detect  the  weak  ionic  currents.  Our  method  of  measuring  ionic  drift  velocities  is  essentially 
similar  to  the  layer  ionization  technique,  using  the  same  liquid  cell  and  electronics,  but  with  an 
input  resistor  of  100  kO  to  1  MO  depending  on  the  ionic  speed.  This  allows  for  a  fast  and 
sensitive  technique  to  measure  ionic  drift  velocities  and  offers  the  capability,  by  reversing  the 
polarity  of  the  applied  voltage,  to  discriminate  between  positive  and  negative  ions. 

C.  Liquid  Purification  and  Cell  Cleaning 

Thorough  purification  of  the  liquids  to  be  studied  as  well  as  cleaning  of  the  cell  walls  to 
remove  electronegative  (electron  attaching)  impurities  is  necessary  to  avoid  unwanted  electron 
attachment.  During  these  studies  we  developed  and  used  the  following  purification  and  cleaning 
protocol.  The  liquids  (TMS,  TMC,  TMP,  TMG,  and  n-pentane)  were  treated  sequentially  as 
follows: 

i)  Stirring  over  H2SO4  to  remove  olefinic  impurities; 

ii)  Stirring  with  BaC03  to  neutralize  H2SO4; 

iii)  Preliminary  freeze-pump-thaw  cycles  to  remove  dissolved  air; 

iv)  Passage  through  traps  containing  NaOH  pellets,  activated  silica  gel  and  activated  charcoal 
to  remove  CO2  and  HjO; 

v)  Successive  distillations  under  vacuum  through  traps  at  liquid  Nj  temperature  while  pumping 
to  remove  O2  and  N2; 

vi)  Storing  and  stirring  over  liquid  NaK  for  over  24h  to  remove  remaining  O2  or  H2O; 

vii)  Transfer  into  the  cell  through  a  0.5  |mi  filter; 

viii)  An  electrostatic  precipitator  -  built  into  the  cell  -  further  purified  the  liquid  for  ~  24h  before 
and  during  the  measurements. 

The  above  protocol  was  followed  for  all  liquids  except  TMT  which  reacts  with  H2SO4  and 
NaK.  For  this  liquid  the  corresponding  purification  steps  were  omitted. 

The  cell  components  (cell  body,  windows,  feedthroughs,  valves,  and  electrodes)  were 
cleaned  as  follows; 
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i)  Rubbing  the  cell  walls  with  ethanol  or  acetone-wetted  cotton  applicators  to  remove  any 
deposits  from  previous  experiments; 

ii)  Cleaning  with  acetone  in  an  ultrasonic  bath  for  1  to  2h; 

iii)  Drying  in  an  evacuated  oven  heated  at  150‘C; 

iv)  Following  assembly,  heating  to  200°  C  and  pumping  down  to  -  1  x  10'^  Torr  for  several  days 
before  the  liquid  was  introduced  into  the  cell. 

D.  Results 

Motion  of  Excess  Electrons  in  Dielectric  Liquids.  We  measured  electron  drift  velocities  and 
electron  mobilities  in  neat  neopentane  (TMC),  tetramethylsilane  (TMS),  tetramethylgermanium 
(TMG),  tetramethyltin  (TMT),  tetramethylpentane  (TMP),  and  in  mixtures  of  TMS  with  n-pentane 
(molar  ratio,  M  =  102/1,  17/1,  and  5.6/1)  and  TMS  with  TMP  (M  =  1.31/1).  The  w(E)  and  p(E) 
measurements  for  neat  TMC,  TMS,  TMG,  TMT,  and  TMP  are  shown  in  Figs.  5  and  6  and  those 
for  the  mixtures  of  TMS  with  n-pentane  and  TMP  are  shown  in  Figs.  7  and  8. 

The  salient  features  of  the  w(E)  data  for  both  the  neat  liquids  and  the  mixtures  are:  At  low 
fields  and  up  to  a  critical  field  E^,  w  increases  linearly  with  E  and  p  =  w/E  =  constant.  For 
E  <  Ec  the  electrons  are  in  thermal  equilibrium  with  the  molecules  of  the  medium  and  their  mean 
energy  is  -  1.5  kT.  As  the  field  increases  beyond  the  electrons  progressively  gain  energy  from 
the  field,  their  mean  kinetic  energy  becomes  >  1.5  kT  and  the  w  vs  E  dependence  becomes 
sublinear.  At  sufficiently  high  E  values,  w(E)  tends  towards  saturation.  For  all  the 
liquids/mixtures  studied,  however,  saturation  was  not  reached  up  to  the  highest  fields  applied. 
In  Table  2  are  summarized  the  mole  ratio  M,  the  critical  field  E^,  the  thermal  electron  mobility 
p^,  the  maximum  electric  field  reached  E^,  and  the  corresponding  maximum  drift  velocity  w^ 
measured  for  the  liquids/mixtures  studied.  Generally,  the  maximum  field  reached  in  each  liquid 
(except  as  noted  in  Table  2)  was  determined  from  the  voltage  where  electrical  breakdown 
occurred.  For  most  liquids  this  was  -120  kV/cm,  except  for  TMT  where  breakdown  occurred  at 
75  kV/cm  and  the  TMS/n-pentane  mixtures  where  fields  of  -  140  kV/cm  were  reached  without 
electrical  breakdown. 
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Figure  6:  Electron  mobility  as  a  function  of  applied  electric  field  for  TMS,  TMT,  TMC,  TMP, 
and  TMG. 
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Figure  7:  Electron  drift  velocity  as  a  function  of  applied  electric  field  for  mixtures  of  TMS  with 
TMP  and  n-Pt  (n-pentane). 
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Figure  8;  Electron  mobility  as  a  function  of  applied  electric  field  for  TMS  in  TMP  and  n-Pt  (n- 
pentane). 
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TABLE  2:  Mole  Ratio  M,  Critical  Electric  Field  E^,  Thermal  Electron  Mobility  Maximum 
Electric  Field  E^,  and  Maximum  Electron  Drift  Velocity  w^,  for  the  Fast  Neat 
Liquids  and  Mixtures  Studied 


Liquid/.Mixture 

Ec 

M  (kV  cm  ‘) 

Mih 

(cm^  s‘‘  V  *) 

E„« 

(kV  cm  ‘) 

(10"  cm  s  ‘) 

TMC 

Neat 

3.5 

71.5 

116* 

3.3 

TMS 

Neat 

7 

111±4 

125 

7.2 

TMG 

Neat 

15 

114.7 

109" 

lA 

TMT 

Neat 

30 

85.7 

75 

6.0 

TMP 

Neat 

15 

31.8 

115 

2.6 

TMS/TMP 

1.31/1 

18 

39.1 

105 

3.2 

TMS/n-pentane 

102/1 

7 

111 

105* 

6.8 

TMS/n-pentane 

17/1 

8 

85 

145* 

6.8 

TMS/n-pentane 

5.6/1 

15 

47.6 

145 

4.9 

*Emax  was  not  limited  by  electrical  breakdown. 
‘’Electrical  breakdown  occurred  at  120  kV  cm  ‘. 
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Liquids.  In  Fig.  9  are  shown  the  w(E/N)  measurements  for  gaseous  and  liquid  TMS,  TMP,  and 
TMC.  The  measurements  were  taken  at  room  temperature  (~  295  K)  and  at  vapor  pressures  of 
500  and  680  Torr  for  TMS,  600  Torr  for  TMC,  and  21.15  Torr  for  TMP.  In  Table  3  are  listed 
the  gas  and  the  corresponding  liquid  number  densities  N,  the  thermal  mobility  the  density- 
normalized  electron  mobility  Pn  =  p*  N  and  the  ratio  of  the  liquid  to  the  gaseous  normalized 
mobility  R. 

Clearly  the  gases  have  much  lower  p,,  values  than  the  corresponding  liquids.  The  ratio 
(MnV(Mii)G  is  62.2,  13.9,  and  11.3  for  TMS,  TMC,  and  TMP  respectively.  Also  the  gases  exhibit 
a  supralinear  w-E  dependence  at  intermediate  E/N  values  before  they  reach  a  saturation  w-value 
of  (5  to  8)  X  10*  cm  s  \  while  the  liquids  show  a  sublinear  w-E  dependence.  The  larger  values 
of  (p„)l  compared  to  (p„)q  indicate  that  at  thermal  and  near-thermal  energies,  the  electron 
scattering  cross  sections  in  these  liquids  are  smaller  than  in  the  corresponding  gases. 

Ionic  Drift  Velocities  and  Mobilities.  Using  the  layer  ionization  technique  we  measured  the 
ionic  drift  velocity  of  CfiF^'  and  TMS^  in  liquid  TMS  and  of  C^F^  in  gaseous  TMS  (600  Torr), 
For  the  field  values  employed,  the  mobility  (p,  =  w/E)  was  9  x  lO'^  cm*  s’*  V*  for  C^Fj  in  liquid 
TMS  and  3.5  x  10’*  cm*  s’*  V'*  for  gaseous  TMS.  The  mobility  of  the  positive  ion  was  6  x  10"* 
cm*  s’*  V’*. 

Figure  10  shows  the  mobility  plotted  as  a  function  of  the  applied  electric  field.  The  slightly 
higher  mobility  values  at  low  fields  are  due  to  space  charge  effects  that  appear  at  the  lower  fields. 

In  comparing  the  liquid  and  gaseous  ionic  mobilities  it  should  be  noted  that  the  number 
density  of  liquid  TMS  is  4.424  x  10**  molecules  cm’*  while  the  density  of  gaseous  TMS  (at  600 
Torr)  is  2.29  x  10*’  molecules  cm’*. 
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(lO^cm  s”b 


Figure  9:  Electron  drift  velocity  as  a  function  of  the  density-reduced  electric  field  (E/N)  for 
liquid  and  gaseous  TMS,  TMC,  and  TMP. 
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TABLE  3:  Vapor  Pressure,  Number  Density  N,  Thermal  Electron  Mobility  Density-Normalized  Electron  Mobility  Po, 
and  the  Ratio,  R,  for  Liquid  and  Gaseous  TMC,  TMS,  and  TMP 


m.  STABILITY  OF  NEGATIVE  IONS  IN  LIQUIDS;  ELECTRON  PHOTODETACHMENT 

A.  Background 

All  electrons  produced  in  a  liquid  or  in  a  gaseous  medium  ultimately  get  attached  to  signle 
molecules,  clusters  of  molecules  or  the  bulk  medium  or  to  electronegative  impurities  present  in 
the  fluid.  The  free  electron  half-life,  t,/2,  is  determined  by  the  concentration  and  the  attachment 
rate  constant  of  the  electron  attaching  species.  It  is,  therefore,  essential  in  many  applications  to 
know  the  stability  of  the  various  negative  ions  formed  and  the  minimum  energy  required  to 
photodetach  them  and  the  corresponding  photodetachment  cross  section. 

The  photodetachment  of  electrons  from  negative  ions  in  low-pressure  gases  is  well- 
understood  and  the  relation  of  the  photodetachment  threshold  E^,  to  the  electron  affinity,  EA,  of 
the  electron  attaching  species  is  well-established^’*®.  Near  threshold,  the  photodetachment  cross 
section,  is  predicted  to  vary  as 


a^E)  =  (3) 

where  B  is  a  constant,  E  =  h'u  is  the  photon  energy,  and  k  and  I  are  the  linear  and  angular 
momenta  of  the  ejected  electron.  For  atoms.  A,  the  value  of  the  E^,  for  the  process 


A  ■  +  Av  -  i4  +  e 

is  equal  to  the  electron  affinity  EA(A)  of  A,  which  in  turn,  is  equal  to  the  "vertical  detachment 
energy"  (VDE).  For  molecules,  M,  the  relation  of  E^,  for  the  process 

Af”  +  Av  -  M  +  e 

to  the  electron  affinity,  EA(M),  of  M  and  the  VDE  is  complicated  by  possible  differences  in  the 
structural  parameters  of  M  and  M'.  If  we  define  the  VDE  for  (5)  as  the  minimum  energy 
required  to  eject  the  electron  from  the  negative  ion  in  its  ground  electronic  and  molecular  state 
without  changing  the  intemuclear  separations,  then  the  VDE  is  related  to  the  EA  and  E^,  by 
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=  VDE  =  £/4  +  A£, 


(6) 


i.e.,  the  VDE  for  (5)  exceeds  the  EA  by  AE;  the  magnitude  of  AE  depends  on  the  relative 
positions  of  the  potential  energy  curves  (surfaces)  of  M  and  M'. 

The  photodetachment  of  electrons  from  negative  ions  in  dense  gases  and  liquids  has  been 
studied  for  only  a  limited  number  of  cases.  Even  more  limited  seem  to  be  the  measurements  of 
the  photodetachment  cross  sections.  Establishing  the  energetics  and  the  cross  sections  for 
photodetachment  as  a  function  of  the  nature  and  density  of  the  medium  is  significant  because  it 
gives  a  direct  measure  of  the  stability  of  the  anion  in  dense  matter  and  because  it  provides  a  basic 
input  for  understanding  electron  transfer  mechanisms  in  dense  matter. 

In  dense  gases  and  liquids  the  photodetachment  process  for  molecular  negative  ions  is 
complicated  by  the  effect  of  the  medium  on  E^,  and  the  potential  energy  curve  (surface)  of  M'. 
Rewriting  reaction  (5)  for  the  liquid  as 


+  hv  -* 

and  assuming  that  (EA)l  =  (EA)q  +  V^-P'  (Refs.  9,11)  we  have 


{E^\  =  iYDE)^  =  (£4)^  +  (A£)^ 

=  *V,-P-  *  (A%  (8) 

where  V,  and  P'  are  the  polarization  energies  of  the  electron  and  the  negative  ion  in  the  medium, 
and  (EA)l  and  (EA)g  are  the  values  of  the  electron  affinity  of  M  in  the  liquid  and  the  gas  phase. 
Below  we  describe  a  new  method  developed  -  in  part  -  under  this  contract  to  measure  absolute 
photodetachment  cross  sections  for  negative  ions  in  liquids  or  '^ense  gases  and  photodetachment 
thresholds.  The  method  has  been  successfully  applied  to  the  photodetachment  of  is  TMS. 
The  results  of  this  study  are  summarized  (see  also  Appendix  B). 
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The  experimental  method  we  developed  for  photodetachment  studies  in  liquids  utilizes  a 
two-laser  photoconductivity  technique.  A  schematic  of  the  experimental  arrangement  and  an 
outlay  of  the  principle  of  the  technique  is  shown  in  Fig.  11.  A  cell  contains  the  molecule  (QFg) 
under  study  dissolved  in  the  liquid  (TMS)  at  an  appropriate  concentration.  The  photodetachment 
cell  was  a  six  way  stainless  steel  cube  with  two  quartz  windows  and  two  electrical  feedthroughs 
facing  each  other.  The  two  parallel  electrodes  were  held  at  a  distance  of  4.5  mm  and  at  a 
potential  difference  of  9  kV  (E  =  20  kV/cm).  Two  counter-propagating  coaxial  laser  beams 
traverse  the  interaction  volume  in  the  liquid  cell  with  a  time  delay  of  ~  5  ps.  The  first  laser  beam 
from  an  excimer  laser  (X  =  308  nm;  /whm  =  15  ns)  ionizes  biphotonically  the  liquid  and  produces 
electrons  which  give  rise  to  a  fast  signal  (initial  drop  in  Fig.  11b  identified  by  i  and  the  process 
nhv  +  X  +  e).  These  electrons  quickly  (within  <  1  ns)  attach  to  C^Fg  forming  QF/ 
(process  e  +  M  -4  M‘  in  Fig.  11b);  the  slow  falling  portion  of  the  signal  (indicated  by  M'  in  Fig. 
11b)  after  the  initial  steep  fall  is  due  to  these  slow-moving  anions.  At  the  preset  time  delay  (~  5 
ps),  the  second  laser  pulse  (tunable  dye  laser,  ^hm  =  0.6  ns)  detaches  the  electron  from  CjFg" 
(when  h\)  >  (EJJ  ^md  produces  a  second  transient  signal  (step  drop  in  Fig.  lib  identified  with 
i  and  ht)  +  M'  ->  M  +  e),  followed  by  a  slow  drop  when  the  detached  electrons  attach  to  QF^ 
again  forming  slow  moving  QF^ .  Figure  12  shows  an  actual  trace  of  the  photodetachment 
signal. 

The  basis  for  determining  the  photodetachment  cross  section  apj(E)  as  a  function  of  the 
photon  energy  E  can  be  seen  by  referring  to  Fig.  13.  The  first  (excimer)  laser  pulse  has  an 
essentially  flat  intensity  profile  Ie(r)  for  distances  r  <  a  where  a  is  the  radius  of  the  cross 
sectional  area  of  the  interaction  volume  (Fig.  13a).  This  pulse  generates  electrons  uniformly  in 
the  interaction  volume  with  a  density  distribution  n^jlr)  a  V(r).  Under  the  experimental 
conditions  we  employed  all  these  electrons  were  captured  by  C^Fg  within  1  ns  and  the  resultant 
negative  ions  QF/  were  essentially  stationary  with  an  ion  density  distribution  ni(r)  =  nei(r)  a  I.^(r) 
when  the  second  (tunable  dye)  laser  pulse  anived  ~  5  ps  later.  The  intensity  profile  Ij(r)  of  the 
dye  laser  pulse  was  Gaussian  and  lay  well  within  a  (Fig.  13c).  The  density  distribution,  n^(r), 
of  the  photodetached  electrons  is 
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Figure  11;  Schematics  of  two  laser  photodetachment  technique  and  an  oscillogram  of  the 
conductivity  signal. 
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Figure  12:  Oscilloscope  trace  of  photodetachment  signal.  Lower  trace  is  entire  signal.  Upper 
trace  is  the  photodetachment  signal  (k  =  500  nm)  amplified  50  times. 
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Schematics  of  the  photodetachment  technique  illustrating:  (a)  the  laser  interaction  region,  (b)  the  type  of  signal  measured, 
and  (c)  the  laser  intensity  and  negative  ion  density  profiles. 


(9) 


Under  the  experimental  conditions  employed,  nej(r) «  ni(r),  the  I,(r),  ni(r),  and  I^lr)  were  virtually 
constant  along  the  axis  of  the  interaction  volume,  and 


■  X  T 

Thus,  Opd(E)  can  be  determined  from  a  measurement  of  the  ratio  of  the  total  number  of 
photodetached  electrons,  to  the  total  number  of  negative  ions  Nj,  a  measurement  of  the  total 
number  of  photons  in  the  dye  laser  pulse  It  and  a  knowledge  of  a  and  the  intensity  profiles  of 
the  two  laser  beams. 

C.  Photodetachment  Threshold  and  Photodetachment  Cross  Section  for  QFg'  in  TMS 
The  method  we  developed  for  studies  of  photodetachment  in  liquids  has  been  employed  to 
investigate  the  photodetachment  of  QFg'  in  TMS.  Photodetachment  measurements  were  carried 
out  at  dye  laser  intensities  such  that  N,^i  (Eq.  (10))  was  small  0.03)  and  consequently  N^yNi 
depended  linearly  on  I,  (see  Fig.  14).  In  Fig.  15  is  shown  Cpj(E)  for  QFj'  in  TMS  (T  =  298  K) 
for  1.63  ^  E  <  3.44  eV  corresponding  to  360  ^  X,<  760  nm.  The  cross  section  exhibits  well- 
defined  maxima  at  2.58  and  3.15  eV;  the  Opj  value  of  the  maxima  is  about  the  same  and  equal 
to  -  11  X  10'**  cm*.  To  determine  the  photodetachment  threshold  (EJl  from  the  experimental 
measurements  in  Fig,  15  we  used  Eq.  (3)  which  we  rewrite  as 


(o,, /E)‘"  = 

with  n  =  l/2(2/+l).  The  best  fit  of  Eq.  (1 1)  to  the  data  was  obtained  with  a  3/2  power  law,  that 
is  n  =  3/2  and  I  =  1,  for  the  energy  range  1.63  to  1.95  eV.  This  gave(Ea,)L  =1.51  eV. 
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Figure  14:  The  photodetachment  signal  («  N,^^)  as  a  function  of  the  detaching  laser  intensity 
(photons/pulse)  at  X,  =  420  (•)  and  500  (O)  nm.  The  slope  of  the  data  at  both 
wavelengths  is  one  indicating  a  linear  dependence. 


absolute  photodetachment  cross  section  <ypa(E)  (right-hand  side  Y  axis)  of  in  TMS  as  a  function  of  the  photon 
gy,  E,  and  a  linear  least  squares  fit  of  (left-hand  side  Y  axis)  for  E  <  1.95  eV.  The  intercept  with  the  X 

gives  a  threshold  energy  E^j  of  1.51  eV. 


There  is  a  considerable  uncertainty  as  to  the  value  of  the  electron  affinity  of  QFj  in  the  gas, 
(EA)g.  The  most  reliable  values  for  (EA)g  are  0.86,  and  0.52  eV.  If  we  take  (EA)g  =  0.86  eV, 
V„  =-0.51  eV  and  P'  =  -0.92  eV,  [see  Appendix  B],  then  (EA)l  =  1.27  eV  which  is  0.41  eV 
larger  than  (EA)g.  From  Eq.  (8)  we  have  also  (AE)l  =  (EJl  -  (EA)l  =  0.24  eV.  If  we  take 
(EA)g  =  0.52  eV,  then  (AE)l  =  0.58  eV.  These  results  demonstrate  that  an  equation  of  the  form 
of  Eq.  (8)  is  necessary  to  relate  the  liquid  and  the  gas  phase  quantities  and  to  account  for  the 
changes  between  the  gas  and  the  liquid  state. 

Currently  we  are  modifying  the  experimental  technique  to  measure  the  photodeti.chment 
cross  section  of  CgF^'  and  other  negative  ions  in  dense  fluids  (dense  vapors).  Figure  16  shows 
a  schematic  outlay  of  the  new  arrangement. 

IV.  TECHNICAL  ASPECTS  OF  FAST  DIELECTRIC  LIQUIDS 

Certain  characteristics  of  fast  warm  liquids  are  important  for  technological  applications  such 
as  advanced  radiation  detectors  (see  also  Appendix  C)  and  pulsed  power  switches  (see  also 
Appendix  D).  These  include: 

(i)  Purity  and  Purification  Methods 

The  purification  process  outlined  in  IIC  is  sufficient  to  allow  free  electron  half  lives  of  at 
least  1  ps  in  all  liquids  and  this  lifetime  should  be  sufficient  for  most  applications.  Liquid 
TMS  was  the  easiest  to  purify.  The  purification  of  TMP  was  very  slow  because  of  its  low 
vapor  pressure.  For  large  scale  calorimeters  where  continuous  circulation  and  purification 
might  be  necessary  the  ease  of  purification  of  TMS  will  be  an  obvious  advantage. 
Alternatively  electrostatic  precipitators  or  other  means  of  passive  purification  such  as  alkali 
traps  can  be  used. 

We  operated  a  TMS-filled  stainless  steel  cell  with  an  electrostatic  precipitator  without  any 
significant  reduction  in  the  electron  lifetime. 
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VOLTAGE 


l^ew  arrangement  for  photodeiachment  studies  in  dense  fluids. 


I 

I  Besides  electronegative  impurities,  microparticles  can  be  a  potential  problem  especially  in 

high  voltage  applications  since  they  lower  the  dielectric  strength  of  the  liquid  (or  gas). 
Consequently,  filtering  of  the  liquid  and  effective  ways  of  cleaning  the  device  surfaces  from 
microparticles  are  necessary  to  maintain  high  dielectric  strength. 

(ii)  Dielectric  Strength,  Electrical  Breakdown,  and  Byproducts  Produced 

In  Table  2  we  gave  the  maximum  field  reached  in  each  liquid/mixture  before  an 
electrical  breakdown  (EB)  occurred.  In  all  liquids  except  TMT,  EB  occurred  above  10*  V 
cm  *.  It  should  be  noted,  however,  that  the  values  in  Table  2  are  rough  estimates  of  the 
"dielectric  strength"  of  these  liquids.  The  actual  E^  in  any  given  device  will  depend  on 
the  purity  of  the  liquid,  the  cleanliness  of  the  cells,  the  presence,  size,  shape,  and  type  of 
microparticles  in  the  liquid,  and  the  electrode  shape  and  surface  condition.  The  EB  in  TMS 
and  its  mixtures,  TMG  and  TMT  was  strong,  explosive,  damaged  the  electronics  and 
damaged  the  fine  polish  of  the  electrodes. 

In  TMS  and  in  the  TMS/n-pentane  mixtures  no  apparent  deterioration  of  the  liquid  was 
observed  following  an  EB.  However,  in  TMT  and  TMG  EB  led  to  significant  chemical 
decomposition  which  rendered  the  system  unusable.  A  heavy  tin  or  germanium  layer  (as 
shown  by  an  ESCA  analysis  of  the  coating  on  the  cell  surfaces)  covered  the  inside  surfaces 
of  the  cell,  and  large  amounts  of  gases  (possibly  H2  and  CH4)  raised  the  pressure  in  the  cell 
to  several  atmospheres.  Figure  17  shows  the  electrode  surface  before  and  after  an  EB  in 
TMT.  In  TMP  and  in  the  TMS/TMP  mixture  no  major  decomposition  was  apparent,  but 
an  electron-attaching  impurity  was  produced.  The  concentration  of  this  impurity  increased 
with  the  number  of  EBs  and  reduced  the  electron  lifetime  to  less  than  -100  ns  after  4  or  5 
EBs.  This  seriously  affected  the  electron  signal.  A  gas  chromatographic  analysis  identified 
this  impurity  with  a  negative  ion  of  mass  126  amu. 

Table  4  summarizes  the  comparative  technical  properties  of  the  liquids  TMC,  TMS,  TMG, 
TMT,  and  TMP. 
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Electrode  surfaces  before  (A)  and  after  (B)  an  electrical  breakdown  in  liquid  TMT. 


Table  4: 

Comparative 

"Practical" 

Properties  of  TMC,  TMS,  TMG,  TMT,  and  TMP 

Liquid 

Purification 

Drift 

Velocity 

Dielectric 

Strength 

Effects  of  Electrical  Breakdown 

TMC 

Easy/Quick 

Inter¬ 

mediate 

High 

TMS 

Easy/Quick 

Fast 

High 

No  apparent  liquid  deterioration. 

Damage  to  electronics/pilting  of 
electrodes. 

TMG 

Easy/Quick 

Fast 

High 

Extensive  liquid  decomposition 
rendered  system  unusable.  Electro¬ 
negative  impurity(ies)  formed. 

Damage  to  electronics/pitting  of 
electrodes. 

TMT 

Difficult; 
reacts  with 
H2SO4  and 
NaK 

Fast 

Low 

Same  as  TMG. 

TMP 


Slow 


Slow  High 


Electronegative  impurity(ies) 
formed. 


V.  LIQUID-HLLED  PULSED  POWER  SWITCH 


Fast  dielectric  liquids  such  as  TMS,  TMC,  and  TMG  have  the  unique  capacity  of  being 
excellent  insulators  -  their  dielectric  strength  exceeds  10*  V  cm  ‘  -  and  also  very  good  conductors 
when  excess  electrons  are  injected  into  them.  This  makes  them  very  good  candidates  for 
switching  media  in  pulsed  power  applications.  Recently  we  patented  a  flashlamp  powered, 
dielectric-liquid-filled  pulsed  power  switch,  and  designed  and  built  a  prototype  model.  Currently 
a  private  company  (Tetra  Corporation)  is  working  to  commercialize  the  switch.  Figure  18  shows 
a  schematic  diagram  of  the  switch.  A  prototype  actual  switch  has  been  constructed  (see  Fig.  19) 
and  preliminary  results  were  encouraging.  The  switch  is  composed  of  two  coaxial  cylinders,  the 
inside  of  quartz,  the  outside  of  metal.  The  inner  tube,  equipped  with  two  electrodes  and  filled 
with  Xe  (or  another  gas),  is  a  flashlamp.  The  space  between  the  cylinders  is  filled  with  liquid, 
a  semitransparent  conducting  film  on  the  outside  of  the  inner  cylinder  is  the  cathode  and  the  outer 
cylinder  is  the  anode.  A  potential  is  applied  across  the  anode  and  the  cathode  so  that  when  the 
flashlamp  fires  a  current  flows  through  the  liquid.  When  the  flashlamp  is  off,  the  liquid  is  an 
insulator  withstanding  fields  of  up  to  10*  V  cm  *. 

Our  prototype  switch  passed  significant  (kA)  current  levels  during  the  ON  phase,  before  a 
deterioration  in  the  metallic  film  contacts  reduced  its  efficiency.  The  switch  constructed  by  Tetra 
Corporation  appears  to  operate  close  to  its  theoretical  efficiency. 
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STORAGE  aOSING 

INDUCTOR  SWITCH 


I 
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DIELEORIC  UQUID  PULSED  POWER  SWITCH 


Figure  18:  Schematic  diagram  of  the  dielectric  liquid  pulsed  power  switch  employing  a  pulsed 
flashlamp. 
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■filled  pulsed  power  switch:  (1)  liquid  ports;  (2)  Xe  ports,  (3)  flashlamp  electrodes,  (4)  cathode 
anode  connections. 
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The  drift  velocity,  tv,  of  excess  electrons  as  a  function  of  the  applied  uniform  electric  field.  E,  in  liquid  tetramethylsilane  (TMS), 
2,2,4,4-tetramethylpentane  (TMP),  tetramethyltin  (TMT),  and  in  mixtures  of  TMS  with  TMP  (molar  ratio,  Af  — 1.31/1)  and 
n-pentane  (A/  — 102/1;  17/1;  5.6/1)  has  been  measured  up  to  £-values  of  -10*  V  cm"’  or  density(Af)-reduced  electric  field 
£/Af-values  of  -  3x  10"’’  V  cm*.  The  maximum  tv  attained  for  these  liquids,  and  the  corresponding  values  of  £  are:  7.2x10*  cm 
s"’  at  125  kVcm"’  for  TMS,  6.0X10* cm  s"’  at  75  kVcm"*  for  TMT,  2.6x10* cm  s"’  at  115  kV  cm"’  for  TMP.  3.2x10*  cm  s"’ 
at  105  kV  cm  "  ’  for  TMS/TMP  ( A/  - 1.31/1),  6.8  X 10*  cm  s"'  at  105  kV  cm  "’  for  TMS/n-pcntane  ( M  - 102/1),  6.8  X 10*  cm  s  ~  ’ 
at  145  kV  cm"’  for  TMS/n-pentane  (A/  — 17/1),  and  4.9x10*  cm  s"’  at  145  kV  cm"’  for  TMS/n-pcntane  (Af  — 5.6/1).  The 
thermal-electron  mobilities  in  the  above  liquid  media  are  respectively  119.3,  85.7,  31.8,  39.1,  118,  85,  and  47.6  cm’  s~’  V"’.  Also,  w 
was  measured  as  a  function  of  E/N  for  TMS,  TMP,  and  neopentane  vapors  at  room  temperature  and  is  compared  with  that  in  the 
corresponding  liquids.  Properties  of  these  media  which  make  them  desirable  for  radiation  detectors  are  discussed. 


1.  Introduction 

Hydrocarbon  liquids  and  gases  (and  their  mixtures 
with  rare  gases)  are  increasingly  used  as  detector  media 
in  high-energy-physics  radiation  detectors  (e.g.  calorim¬ 
eters  and  muon  chambers).  Room-temperature  liquids, 
suitable  for  calorimeter  detectors  [1-4]  (especially  those 
for  the  superconducting  super  collider,  SSQ,  should  be 
fast  (have  short  electron  collection  times)  and  sensitive 
(have  good  energy  resolution  and  particle  identification 
properties)  [5,6],  while  the  hydrocarbon/ rare-gas  mix¬ 
tures  used  in  gas-tilled  drift  chambers  [7]  should  have 
electron  transport  parameters  (electron  drift  velocity,  w, 
and  longitudinal,  Di_,  and  transverse,  Z>t,  electron  dif¬ 
fusion  coefficients)  which  optimize  the  operating  char¬ 
acteristics  of  the  detector  [8-10].  In  order  for  the  re¬ 
sponse  of  the  detector  to  be  fast,  the  excess  electrons  in 
these  detector  media  must  be  either  free,  as  in  gases,  or 
quasifree,  as  in  dense  gases  and  liquids  for  which  the 

*  Research  sponsored  by  the  Office  of  Naval  Research  and 
the  U.S.  Department  of  Energy  under,  respectively.  Con¬ 
tracts  no.  N00014-89-J-1990  and  DE-AS05-76ER03956 
with  the  University  of  Tennessee,  and  by  the  Office  of 
Health  and  Environmental  Research,  U.S.  Department  of 
Energy,  under  Contract  no.  DE-ACd5-840R21400  with 
Martin  Marietta  Energy  Systems,  Inc. 

•  *  Also,  Dept,  of  Physics,  University  of  Teimessee,  KnoxvUle, 
TN  37996,  USA. 


electron  ground-state  energy  Iq  <  0  eV,  and  they  should 
attain  high  drift  velocities  ( -  10‘-10’cm  s“ *)  at  practi¬ 
cal  values  of  the  applied  electric  field  (- 10*-10*  V 
cm"’).  In  most  types  of  detectors,  knowledge  of  the 
dependence  of  w  on  £  is  essential  for  the  design  and 
operation  of  the  detector.  For  example,  in  liquid 
calorimeters  [1]  ^(E)  determines  the  electron  drift  time 
T  =  d/w  (d  •  drift  distance)  at  any  particular  operating 
tield  E,  and  in  wire  chambers  w(E)  must  be  accurately 
known  in  order  to  reconstruct  the  particle  tracks  [8,9]. 
In  spite  of  the  fact  that  the  magnitude  of  w  and  its 
£-dependence  is  crucial  for  most  detector  designs,  accu¬ 
rate  values  of  >v(£)  -  especially  at  high  £  -  for  many 
detector  liquids  are  lacking.  Also,  for  most  fast  liquids 
(say  those  with  w  ^  1  X  10*  cm  s"’  at  £  =  5  X  10*  V 
cm"’)  the  thermal-electron  mobilities,  Mih  “  •v/£  for 
£  ->  0,  that  have  been  reported  in  the  literature  vary 
considerably. 

In  table  1  are  listed  thermal-mobility,  p.^,  values  for 
some  fast  liquids  (tetramethylsilane  (TMS),  neopentane 
(TMQ,  2,2,4,4-tetramethylpentane  (TMP),  tetramethyl¬ 
tin  (TMT),  and  tetramethylgermanium  (TMG)),  which 
were  determined  using  time-of-flight  (TOF)  or  Hall-mo¬ 
bility  methods  [11-14].  All  measurements  relied  on 
techniques  utilizing  bulk  ionization  of  the  medium  to 
generate  excess  electrons,  except  for  our  previous  [18] 
and  present  work  where  a  photoinjection  technique  is 
used.  The  £-dependcnce  of  *v  up  to  £^  10*  V  cm"' 
has  been  measured  for  TMS  [27,18],  TMC  [20],  and 
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Table  1 

Thermal-electron  time-of-flight  (TOP)  and  Hall  mobilities  in 
TMS,  TMC,  TMP.  TMT,  and  TMG 


TOF  mobiUty  *> 

Hall  mobility 

[cm^  s"'  V'] 

ref. 

[cn/s'‘  V-*] 

ref. 

TMS 

90±5 

[151 

124 

[22] 

-98 

[16] 

101  ±7 

[23] 

98 

[17] 

125 

[18] 

119.3 

present 

b) 

TMC 

55±5 

[15] 

85 

[24,25] 

50 

[19] 

59 

[14] 

70  ±10 

[20] 

TMP 

24 

[19] 

32 

[26] 

29 

[21] 

30 

(11 

31 

[18] 

31.8 

present 

b) 

TMT 

70 

[11] 

85.7 

present 

b) 

TMG 

90 

[11] 

**  Except  otherwise  noted,  bulk  ionization  techniques  were 


used. 

A  photoinjection  technique  was  used. 


TMP  [18].  Because  of  the  uncertainty  of  the  ft*  and 
h'(£)  data  and  the  current  interest  in  practical  uses  of 
fast  room-temperature  dielectric  liquids,  we  undertook  a 
systematic  study  of  electron  transport  in  some  of  the 
fastest  hydrocarbon  liquids  (TMS,  TMP,  and  TMT), 
their  mixtures  (TMS/TMP,  Af  =  1.31/1  and  TMS/  n- 
pentane,  102/1,  17/1  and  5.6/1)  and  their  vapors 
(TMS,  TMP,  and  TMC).  The  results  of  these  studies  are 


reported  here.  We  also  report  our  observations  and 
findings  on  the  purification  and  purity  requirements, 
dielectric  strength  and  electrical-breakdown  decomposi¬ 
tion  byproducts  of  these  liquids;  these  findings  and 
observations  are  important  in  assessing  the  suitability  of 
warm  liquids  as  detector  materials. 


2.  Experimental  technique 

In  the  present  studies  a  laser  photoionization  tech¬ 
nique  was  used  to  inject  excess  electrons  into  the  dielec¬ 
tric  liquids  [18]  and  vapors  [28].  A  somewhat  similar 
laser  photoinjection  technique  was  used  in  the  past  to 
measure  w  in  cryogenic  liquids  [29].  Fig.  1  shows 
schematically  the  experimental  setup  for  the  liquid  mea¬ 
surements.  The  cell  consisted  of  a  six-way  stainless-steel 
cube  with  two  windows  for  the  entry  and  exit  of  the 
laser  beam,  a  high-voltage  feedthrough,  a  low-voltage 
feedthrough  for  the  signal,  and  vacuum  and  liquid  ports. 
A  pair  of  parallel-plate  stainless-steel  electrodes  im¬ 
mersed  in  the  liquid  under  study  were  kept  at  a  distance 
^  (2  to  4  mm)  and  a  potential  difference  V  (0  to  50  kV). 
An  excimer  laser  pulse  (XeQ,  X  =  308  nm,  full  width  at 
half  maximum  FWHM  =  15  ns)  struck  the  center  of  the 
cathode  and  generated  a  pulse  of  electrons  that  drifted 
to  the  anode.  The  anode  signal  due  to  these  photoin- 
jected  electrons  was  measured  and  recorded  in  two 
different  ways: 

(i)  In  the  voltage  mode  (fig.  2a)  (which  was  generally 
used  at  relatively  low  £-values,  and  therefore  longer 
elecUon  drift  times,  t)  the  signal  was  fed  to  a  fast-re¬ 
sponse  ( -  3  ns)  charge-sensitive  preampliHer  and  was 
captured,  averaged  (16  to  64  pulses)  and  stored  by  a 
transient  digitizer  as  a  voltage  waveform.  The  drift  time. 


Fig.  1.  Setup  of  laser-induced  photoinjection  apparatus  in  liquids. 
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VOLTAGE  WAVEFORM 


CURRENT  WAVEFORM 


Fig.  2.  Voltage  (a),  current  (b),  and  charge-injection  rate  (c) 
waveforms  in  TMP. 


T,  was  determined  numerically  from  the  waveform  rise 
time  (the  distance  between  points  A  and  B  in  fig.  2a). 

(ii)  In  the  current  mode  (fig.  2b)  (which  was  gener¬ 
ally  used  at  relatively  high  fields;  and  short  t)  the 
signal  output  was  grounded  through  a  50  Q  resistor, 
and  the  signal  passed  either  directly  to  the  transient 
digitizer  or  (in  order  to  protect  the  digitizer  from  possi¬ 
ble  electrical-breakdown  transients  at  high  fields) 
through  the  preampliHer.  The  drift  time  was  obtained 
from  the  FWHM  of  the  current  pulse  determined 
numerically.  By  numerically  differentiating  the  current¬ 
mode  signal,  a  waveform  corresponding  to  the  rate  of 
charge  injection  from  the  cathode  (positive  pulse  in  fig. 
2c)  and  collection  at  the  anode  (negative  pulse  in  fig. 
2c)  was  obtained.  Then  r  is  the  time  ^tween  the 
maximum  and  the  minimum  of  the  two  pulses. 


The  agreement  between  the  values  of  t  obtained  via 
the  voltage,  current,  and  charge-injection  waveforms 
was  good  (r  was  always  longer  than  the  laser  pulse 
duration).  The  electron  drift  velocity  and  the  electron 
mobility,  fi,  were  calculated  from; 

w  =  —  and  u  =  —77 . 

T  rV 

All  measurements  were  made  at  room  temperature  (7’= 
29S  K)  and  the  accuracy  of  the  data  is  estimated  to  be 
within  -  2  to  3%. 

The  advantages  of  the  laser  photoinjection  technique 
for  measuring  w  and  n  over  traditional  radiation  pulse 
techniques  [11,15,16,27]  are:  (i)  the  electrons  are  in¬ 
jected  into  the  liquid  or  the  gas  medium  from  a  metal 
surface  instead  of  being  produced  by  bulk  ionization  of 
the  medium.  Thus  there  are  no  positive  ions  produced 
in  the  medium  itself  and,  therefore,  no  recombination 
and/or  space-charge  effects,  (ii)  the  electrons  drift  in  a 
constant  electric  field  region  so  that  fringe  field  effects 
are  minimized,  and  (iii)  the  drift  time  is  determined 
directly  and  accurately  without  resorting  to  deconvolu¬ 
tion  or  fitting  to  simulated  waveforms;  thus,  very  short 
drift  times  and  high  drift  velocities  can  be  measured 
accurately,  provided  the  laser  pulse  duration  is  much 
shorter  than  t. 


3.  Purification  of  the  liquids  and  cleaning  of  the  cell 

3.1.  Liquid /  vapor  purification 

The  Uquids  (TMS,  99.9%  +  ;  TMP,  99.99%;  TMT, 
99%;  n-pentane,  99.99%)  were  purified  further  to  re¬ 
move  electronegative  and/or  polar  impurities  according 
to  the  following  protocol: 

(i)  Stirring  over  H2SO4  to  remove  olefinic  impurities. 

(ii)  Stirring  with  BaCOs  to  neutralize  H2SO4.  (iii)  Pre¬ 
liminary  frecze-pump-thaw  cycles  to  remove  dissolved 
air.  (iv)  Passage  through  traps  containing  NaOH  pellets, 
activated  silica  gel  and  activated  charcoal  to  remove 
CO2  and  H2O.  (v)  Successive  distillations  through  traps 
at  liquid-N2  temperature  while  pumping  to  remove  O2 
and  N2.  (vi)  Storing  and  stirring  over  liquid  NaK  for 
over  24  h  to  remove  remaining  O2  or  H2O.  (vii)  Transfer 
into  the  cell  through  a  0.5  pm  filter,  (viii)  An  electro¬ 
static  precipitator  -  built  into  the  liquid  cell  -  further 
purified  the  liquid  for  —  24  h  before  and  during  the 
measurements. 

The  above  protocol  was  followed  for  all  liquids 
studied  except  TMT  which  reacts  with  H2SO4  and 
NaK.  For  TMT  the  corresponding  purification  steps 
were  omitted.  Similar  purification  procedures  and  tech¬ 
niques  to  monitor  the  liquid  purity,  specifically  adapted 
to  calorimeter  applications,  were  described  elsewhere 
[30-32]. 
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For  the  measurements  in  vapors,  the  purification 
consisted  of  only  the  freeze-pump-thaw  cycles. 

3.2.  Cell  cleaning 

The  cell  components  (cell  body,  windows,  feed¬ 
throughs,  valves  and  electrodes)  were  cleaned  as  fol¬ 
lows;  (i)  Rubbing  the  cell  walls  wth  ethanol-  or 
acetone-wetted  cotton  applicators  to  remove  any  de¬ 
posits  from  previous  experiments,  (ii)  Cleaning  with 
acetone  in  an  ultrasonic  bath  for  1  to  2  h.  (iii)  Drying  in 
an  evacuated  oven  held  at  150  °  C.  (iv)  Following  assem¬ 
bly,  heating  to  200  °  C  and  pumping  down  to  -  1  X  10"^ 
Torr  for  several  days  before  the  liquid  was  introduced 
into  the  cell. 


4.  Results  and  discussion 
4.1.  Liquids 

The  tv(E)  and  it(E)  data  in  neat  TMS,  TMT,  and 
TMP  are  shown  in  flgs.  3  and  4,  while  the  data  in  the 
mixtures  of  TMS  with  TMP  and  n-pentane  are  shown 
in  figs.  5  and  6,  respectively.  The  salient  features  of  the 
w(E)  data  for  both  the  neat  liquids  and  the  mixtures 
are:  At  low  fields  and  up  to  a  critical  elec  ' '  field  E^,  w 
increases  linearly  with  E  and  ft  -  w/E  =  itoi  =  constant 
(33].  For  E<Ef,  the  electrons  are  in  thermal  equi¬ 
librium  with  the  molecules  of  the  medium  (liquid  or 
gas)  and  their  mean  kinetic  energy  is  -  1.5kT.  As  the 
field  is  increased  beyond  Eg  the  electrons  progressively 
gain  energy  from  the  Held,  their  mean  kinetic  energy 
becomes  greater  than  l.SkT,  and  the  £-dependence  of 


aEcnacfajDao^Van-') 


Fig.  4.  Electron  mobility,  /i  —  w/E  as  a  function  of  applied 
electric  field  in  neat  TMS,  TMT,  and  TMP. 


their  w  becomes  sublinear.  At  sufficiently  high  £-values 
(see  figs.  3  and  S),  w(E)  tends  toward  saturation.  For 
all  the  liquids  we  studied,  however,  electrical  breakdown 
occurred  before  saturation  was  reached,  unlike  in  some 
of  the  vapors  (see  fig.  7  and  section  4.2). 

In  table  2  are  summarized  the  mole  ratio  of  the 
liquids/ mixtures  studied,  and  for  each  liquid  medium 
the  values  of  Eg,  the  maximum  (£„um)  £-ficld 
reached,  and  the  (maximum)  drift  velocity  tv^  corre¬ 
sponding  to  For  comparison  we  have  included  the 
data  of  ref.  [20]  on  liquid  TMC. 


Fig.  3.  Electron  drift  velocity  as  a  function  of  applied  electric 
field  in  neat  TMS,  TMT,  and  TMP. 
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Fig.  S.  Electron  drift  velocity  as  a  function  of  applied  electric 
field  in  TMS/TMP  and  the  TMS/n-pentane  mixtures. 
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Fig.  6.  Electron  mobility  n  ••  w/E  as  a  function  of  applied 
electric  Held  in  TMS/TMP  and  the  TMS/n-pentane  mixtures. 


Our  present  and  previous  [18]  measurements  of  p,,, 
for  TMS,  TMP,  and  TMT  are  compared  with  literature 
data  in  table  1.  It  is  clear  that  TOF  electron  mobilities 
differ  greatly  among  themselves  and  with  the  Hall  mo¬ 


bilities.  Our  values  are  significantly  higher  than  other 
TOF  values,  but  are  close  to  some  Hall-mobility  mea¬ 
surements  (i.e.  to  those  of  ref.  [22]  for  TMS  and  ref.  [26] 
for  TMP).  Similarly,  our  w(E)  data  for  TMS  are  10  to 
20%  higher  than  those  of  ref.  [27].  It  is  possible  that 
these  differences  can  be  traced  to  the  uncertainties 
inherent  in  the  bulk  ionization  methods. 

4.2.  Vapors 

In  fig.  7  are  shown  our  w(E/N)  measurements  for 
gaseous  TMS,  TMP,  and  TMC,  together  with  the  corre¬ 
sponding  liquid-phase  data  for  comparison.  The  mea¬ 
surements  were  taken  at  room  temperature  ( -  295  K) 
and  at  vapor  pressures  of  500  and  680  Torr  for  TMS, 
600  Torr  for  TMC,  and  21.15  Torr  for  TMP.  In  table  3 
are  listed  the  gas  pressures  at  which  measurements  were 
made,  the  gas  and  corresponding  liquid  number  densi¬ 
ties  N,  and  the  density-normalized  electron  mobil- 
ity  p„  =  for  TMS,  TMC,  and  TMP. 

The  gases  have  a  much  lower  p„  value  than  the 
corresponding  liquids.  The  ratio  (Mn)L/(Mii)G  **  ^-8. 
13.7,  and  11  for  TMS,  TMC,  and  TMP  respectively. 
Also,  the  gases  exhibit  a  supralinear  w-E  dependence  at 
intermediate  £/Af-values  before  they  reach  a  saturation 
value  for  w  at  —  (5-6)  X  10®  cm  s"*,  while  the  liquids 


Table  2 

Mole  ratio  M,  critical  electric  field  E^,  thermal-electron  mobility  p,),,  maximum  electric  field  E^,  and  maximum  electron  drift 
velocity  >Snu>  die  fast  neat  liquids  and  mixtures  studied 


Liquid/mixture 

M 

£c 

[10’ Vern'M 

Mih 

(cm’s"' V-') 

[10^  Vcm“'] 

[10®  cm  s“*l 

TMS 

neat 

7 

119.3 

125 

7.2 

TMT 

neat 

30 

85.7 

75 

6.0 

TMC*> 

neat 

-3 

70 

116 

2.8 

TMP 

neat 

15 

31.8 

115 

2.6 

TMS/TMP 

1.31/1 

18 

39.1 

105 

3.2 

TMS/n-pentane 

102/1 

7 

118 

105'” 

6.8 

TMS/n-pentane 

17/1 

8 

85 

145 

6.8 

TMS/n-pentane 

5.6/1 

15 

47.6 

145 

4.9 

*’  Data  from  ref.  [20). 

E,^  was  not  limited  by  electrical  breakdown. 


Table  3 

Vapor  pressure,  number  density  N,  thermal-electron  mobility  p,|,,  density-normalized  electron  mobility  p„,  and  the  p„  ratio  R,  lot 
liquid  and  gaseous  TMS,  TMC,  and  TMP 


TMS 

TMC 

TMP 

Liquid 

Gas 

Liquid 

Gas 

Liquid 

Gas 

Vapor  Pressure  (Torr) 

680 

600 

21.15 

N  [Molecules  cm"’) 

4.423x10’* 

2.224X10'* 

5.121X10’* 

1.963X10** 

3.378x10’* 

6.804X10*’ 

Pu,  [cm*  s-'  V-') 

119.3 

354.7 

70 

1,338 

31.8 

13,959 

p,[s-'V-'cm-') 

5.27  XlO” 

7.89  XlO” 

3.6  XlO” 

2.63  XlO” 

1.05  xlO” 

0.95x10” 

£“(PjL/(Pn)o 

66.8 

13.7 

no 
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E/N  V  cm2) 


Fig.  7.  Electron  drift  velocity  as  a  fuixtion  of  E/N  for  liquid 
and  gaseous  TMS,  TMC,  and  TMP.  The  data  for  liquid  TMC 
are  from  ref.  (20J. 


show  a  sublinear  w-E  dependence.  The  larger  values  of 
compared  to  (p„)o  would  indicate  that  at  ther¬ 
mal  and  near-thermal  energies,  the  electron  scattering 
cross  sections  in  these  liquids  are  smaller  than  in  the 
corresponding  gas.  Such  changes  are  known  to  occur 
especially  for  molecules  whose  electron  scattering  cross 
sections  in  the  gas  phase  exhibit  at  low  energies  ( :£  0.5 
eV)  a  Ramsauer-Townsend  minimum  [34,35J. 


5.  Observations  relevant  to  fast-detector  applications 

5.1.  Purification 

The  puriHcation  process  outlined  in  section  3.1  was 
sufficient  to  allow,  in  all  liquids  and  gases  studied, 
free-clectron  lifetimes  in  excess  of  20  ps  which  is  ade¬ 
quate  for  most  detector  applications.  Tetramethylsilane 
was  the  easiest  liquid  to  purify.  The  purification  process 
for  TMP  was  slow  because  of  its  low  vapor  pressure. 
For  a  large-scale  calorimeter  where  continuous  circula¬ 
tion  and  purification  might  be  necessary  in  order  to 
maintain  the  liquid  purity  over  long  periods  of  time,  the 
tow  viscosity  of  TMS  and  its  ease  of  purification  are 
obvious  advantages.  Alternatively,  electrostatic  precipi¬ 
tators  or  other  means  of  passive  purification  (e.g.  alkali 
traps)  can  be  incorporated  into  the  calorimeter  design. 
We  operated  a  TMS-filled  stainless-steel  cell  with  an 
electrostatic  precipitator  for  two  months  without  any 


signiricant  electron  lifetime  reduction.  Besides  electro¬ 
negative  impurities,  microparticles  in  the  liquid  (or  the 
gas)  are  a  potential  problem,  since  they  lower  the  dielec¬ 
tric  strength  of  both  the  gas  [36]  and  the  liquid  [37]. 
Consequently,  filtering  of  the  liquid  and  effective  ways 
of  cleaning  the  detector  surfaces  from  microparticles  are 
necessary  to  maintain  high  dielectric  strengths. 

5.2.  Dielectric  strength  and  electrical  breakdown 

In  table  2  we  give  the  maximum  field,  E^,  reached 
in  each  liquid/ mixture  before  an  electrical  breakdown 
(EB)  occurred.  Occasionally  EB  occurred  at  slightly 
lower  fields,  but  in  all  liquids  (except  TMT)  breakdown 
occurred  above  10*  V  cm"*.  It  should  be  noted  that  the 
values  in  table  2  can  serve  only  as  rough  estimates 
of  the  “dielectric  strength”  of  these  liquids.  The  value  of 
^mtx  depends  on  many  factors,  such  as  the  purity  of  the 
liquid  and  the  cleanliness  of  the  cell  walls,  the  presence, 
size,  shape  and  type  of  microparticles  in  the  liquid  (or 
the  gas),  and  electrode  shape  and  electrode-surface  con¬ 
dition  [36,37]. 

The  EB  in  TMS  and  its  mixtures  and  in  TMT  was 
strong,  damaging  to  the  preamplifiers,  and  damaging  to 
the  fine  polish  of  the  electrodes.  Damage  to  the  elec¬ 
trode  surface  caused  a  lowering  of  E^. 

5.3.  Electrical-breakdown  byproducts 

In  TMS  and  in  the  TMS/n-pentane  mixtures,  no 
apparent  deterioration  of  the  liquid  following  a  break¬ 
down  was  observed.  However,  in  TMT  EB  led  to  signifi¬ 
cant  chemical  decomposition  of  the  liquid.  A  heavy  tin 
layer  (as  shown  by  an  ESCA  analysis  of  the  metallic 
coating  on  the  cell  surfaces)  covered  the  inside  surfaces 
of  the  cell,  and  large  amounts  of  gases  (possibly  H2  and 
CH4)  were  produced,  which  raised  the  pressure  in  the 
cell  to  several  atmospheres.  Fig.  8  shows  the  effect  an 
EB  in  TMT  bad  on  the  cell  surfaces;  A  is  the  electrode 
before  and  B  is  the  electrode  after  the  breakdown.  In 
TMP  and  in  the  TMS/TMP  mixture  no  major  decom¬ 
position  was  apparent,  but  an  electron-attaching  impur¬ 
ity  was  produced.  The  concentration  of  this  impurity 
increased  with  the  number  of  EBs  and  reduced  the 
electron  lifetime  to  less  than  -  100  ns  after  4  or  5  EBs, 
and  thus  seriously  affected  the  electron  signal.  A  gas 
chromatographic  analysis  identified  this  impurity  with  a 
negative  ion  of  mass  126  amu. 

It  is  emphasized  that  a  study  and  an  evaluation  of 
the  effects  of  EB  and  partial  discharges  (corona)  is 
required  to  properly  assess  the  suitability  of  a  detector 
liquid,  since  such  events  -  especially  corona  -  are  likely 
to  occur  in  actual  situations.  In  this  respect,  the  present 
preliminary  findings  indicate  that  of  the  liquids  we 
studied  TMS  appears  to  be  the  most  suitable  for  radia¬ 
tion  detectors. 


I 


Fig.  8.  Electrode  surfaces  before  (A)  and  after  (B)  an  electrical  breakdown  in  liquid  TMT. 


S.<  Properties  of  liquid  mixtures 

The  present  limited  studies  on  liquid  mixtures  indi¬ 
cate  that  small  ( -  1  to  2%)  amounts  of  nonelectronega¬ 
tive  impurities  (e.g.  TMS/n-pentane,  M  =  102/1)  do 
not  seriously  affect  tv  or  ft,  and  they  might  actually 
improve  the  dielectric  strength  of  the  liquid  (see  fig.  S 
and  table  2). 

5.5.  Conclusions 

In  table  4  are  listed  some  of  the  properties  of  TMS, 
TMT,  and  TMP  that  are  relevant  to  liquid-detector 


calorimetry.  From  this  work,  we  conclude  that  of  the 
liquids  studies  TMS  is  the  most  promising  for  warm- 
liquid  calorimetry.  In  this  regard,  the  following  should 
be  noted:  (i)  Removal  of  electronegative  impurities  is 
essential  to  achieve  long  electron  lifetimes;  this  is  espe¬ 
cially  significant  for  TMP  because  of  its  slow  w,  and  for 
any  liquid  at  low  applied  electric  fields.  At  higher 
^-values,  where  r  is  short  purity  requirements  can  be 
relaxed,  (ii)  Removal  of  microparticles  from  the  system 
is  important  to  maintain  a  high  dielectric  strength,  (iii) 
Nonpolar  impurities  are  not  harmful  up  to  -  1  to  2%  as 
long  as  they  are  not  electron-attaching;  they  may  even 
increase  the  dielectric  strength  of  the  pure  liquid,  (iv) 


Table  4 

Comparative  properties  of  TMS,  TMT,  and  TMP 

Purification 

Drift 

velocity 

Dielectric 

strength 

Effects  of 

electrical  breakdown 

TMS 

Easy  and  quick 

fast 

high 

damage  to  electronics/electrodes; 
no  apparent  liquid  deterioration 

TMT 

difficult 

(reacts  with  H2SO4  and  NjK) 

fast 

low 

damage  to  electronics/electrodes;  extensive 
decomposition  rendered  system  unusable. 

TMP 

slow 

slow 

high 

electronegative  impurity(-ies)  formed 
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Studies  of  the  effects  of  electrical  breakdown  and  par¬ 
tial  discharges  on  the  electrical  properties  of  fast  room- 
temperature  detector  liquids  are  indicated. 
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The  photodetachmebt  cross  section  of  CsF^"  in  liquid  tetramethylsilane  was  measured  as  a  function  of  the  photon  energy,  using 
a  new  two  laser  photocjonductivity  technique.  The  photodetachment  threshold  was  found  to  be  1 .5 1  eV  using  a  3/2  power  thresh¬ 
old  law.  Two  maxima'' were  observed  in  the  photodetachment  cross  section  at  photon  energies  of  2.58  and  3.15  eV;  the  cross 
section  value  at  these  two  maxima  is  « 1 1  x  10“  '*  cm’. 


1.  Introduction 

The  photodetachment  of  electrons  from  negative 
ions  in  low-pressure  gases  has  been  well-studied  and 
is  well-understood  (1-6],  Similarly  the  relation  of 
the  photodetachment  threshold  £,(,  to  the  electron 
affinity,  EA,  of  the  electron  attaching  species  has  been 
well-established  [  1  -6  ] .  In  the  photodetachment  pro¬ 
cess,  the  electron  is  photoejected  preferentially  into 
the  lowest  angular  momentum  state  which  is  allowed 
by  conservation  of  angular  momentum  and  parity. 
Near  threshold,  the  photodetachment  cross  section, 
<7pa,  is  predicted  [  7,8  ]  to  vary  as 

trp<,(£)=B£:(£-£,h)'"'^'’'"ocfc"'+‘  ,  (1) 

where  £  is  a  constant,  E=hp  is  the  photon  energy, 
£,h  is  the  threshold  energy  for  photodetachment,  and 
k  and  /  are  the  linear  and  angular  momenta  of  the 
ejected  electron.  Thus,  the  threshold  behavior  of 
ffp<i(£)  depends  on  the  type  of  orbital  the  electron 
occupied  prior  to  its  detachment:  for  example,  de- 
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tachment  of  a  p  electron  (as  in  0~ )  leads  to  tj^cck 
and  detachment  of  an  s  electron  (as  in  H~)  to 
a^cck^'^  near  threshold.  For  atoms,  A,  the  value  of 
the  £,h  for  the  process 

A~-l-AF-*A+e  (2) 

is  equal  to  the  EA(A),  which  in  turn,  is  equal  to  the 
“vertical  detachment  energy”  (VDE).  For  mole¬ 
cules,  M,  the  relation  of  £,h  for  the  process 

M'+Air-^M+e  (3) 

to  the  EA(M)  and  the  VDE  is  complicated  by  pos¬ 
sible  differences  in  the  structural  parameters  of  M 
and  M"  and,  also,  by  the  existence  of  other  pro¬ 
cesses  (e.g.,  dissociation)  that  can  follow  photoab¬ 
sorption  by  M~.  Defining  the  VDE  for  reaction  (3) 
as  the  minimum  energy  required  to  eject  the  electron 
from  the  negative  ion  in  its  ground  electronic  and 
molecular  state  without  changing  intemuclear  sep¬ 
aration,  then  (see  fig.  la)  VDE  is  related  to  EA  and 

£’ihby 

£,h=VDE=EA+A£,  (4) 

i.c.  the  VDE  for  (3)  exceeds  the  EA  by  A£;  the  mag¬ 
nitude  (>  eV)  of  A£  depends  on  the  relative  po¬ 
sition  of  the  potential  energy  curves  (surfaces)  of  M 
and  M“. 

In  dense  gases  and  in  liquids  the  photodetachment 
process  for  molecules  is  not  yet  well  studied  or 
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(a)  (b) 

GAS  UQUID 


Fig.  1.  Schematic  potential  energy  curves  for  the  C^Ft  neutral 
molecule  and  the  C^F^  negative  ion  in  the  gas  phase  and  in  a 
nonpolar  liquid  such  as  TMS  which  has  neither  permanent  di¬ 
pole  moment  nor  polarization  anisotropy.  The  vertical  detach¬ 
ment  energy  ( VDE = )  is  indicated  by  an  upward  arrow.  (The 
other  symbols  are  explained  in  the  text. ) 

understood  *' .  It  is  complicated  by  the  effect  of  the 
medium  on  E,t,  and  the  potential  energy  curve  (sur¬ 
face)  of  M".  Rewriting  reaction  (3)  for  the  liquid 
as 

Ml -l-Ap-+ML+eL  (5) 

and  assuming  that  (EA)l=  (EA)o+ ^o— -P"  [9,10] 
we  have 


able  dye  laser  was  used  to  detach  the  electrons  after 
they  were  captured  by  the  electronegative  molecule 
under  study.  A  3/2  power  threshold  low  was  em¬ 
ployed  [11-16]  to  determine  (Pih)L  froin  above 
threshold  measurements  of  {apa)i.(£)  and  ihe  so  de¬ 
termined  (Pth)L  was  discussed  via  eq.  (6)  assuming 
(A£')l=0  eV. 

In  this  Letter,  we  report  a  new  two-laser  photo¬ 
conductivity  technique  for  photodetachment  studies 
in  dense  fluids  (liquids  or  high  pressure  gases)  and 
present  measurements  of  the  absolute  photodetach¬ 
ment  cross  section  ( 1.63<£'<3.44  eV) 

and  the  photodetachment  threshold  (£',h)L  for 
C6Fr  in  TMS.  We,  also,  discuss  the  relation  of  (£ui)l 
to  (EA)l  and  (EA)g  for  this  system. 


2.  Experimental 

In  fig.  2  is  shown  a  schematic  of  the  experimental 
arrangement  we  employed.  The  cell  consisted  of  a 
six-way  stainless-steel  cube  with  two  quartz  windows 
and  two  electrical  feedthroughs  facing  each  other.  The 
two  parallel  electrodes  were  held  at  a  distance  of  4.5 
mm  and  at  a  potential  difference  of  9  kV  (£=  20  kV 
cm“  * ).  Two  counter-propagating  coaxial  laser  beams 
passing  through  two  circular  apertures  (2.4  mm  in 


(£,  Jl  =  (  VDE)l  =  (EA)l  +  (A£)l 

=  (EA)o+Ko-R--1-(A£)l,  (6) 

where  Kg  and  P~  are  the  polarization  energies  of  the 
electron  and  the  negative  ion  in  the  medium,  and 
(EA)l  and  (EA  )o  are  the  values  of  the  electron  af¬ 
finity  of  M  in  the  liquid  and  the  gas  phase  (see  fig. 
1). 

There  have  been  only  a  few  earlier  studies  of  pho¬ 
todetachment  in  nonpolar  liquids,  namely  on  Of  and 
(anthracene)'  anions  in  liquid  tetramethylsilane 
(TMS)  and  iso-octane  [  1 1,12]  and  on  CeF*  [13], 
Of  [14]  and  a  number  of  aromatic  anions  [15]  in 
nonpolar  solvents.  In  these  studies  an  X-ray  pulse  or 
a  gas  discharge  lamp  was  used  to  produce  initially 
the  electrons  in  the  liquid  and  a  flashlamp  or  a  tun- 

"  This  situation  is  unlike  that  for  the  photoionization  process 
(e.g.,  see  refs.  [9,10]). 


EXCIMER 

LASER 


ATTACHING  MOLECULES 


OYE 

LASER 


Fig.  2.  Schematics  of  the  two  laser  photodetachment  technique, 
and  an  oscillogram  of  the  conductivity  signal  indicating  the  ion¬ 
ization  (2hv+X—X*  +e),  attachment  (e+M— M”)  and  de¬ 
tachment  (Av+M"-»M  +  e)  processes  taking  place. 
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diameter)  on  each  side  of  the  ceil  transversed  the  in¬ 
teraction  volume  with  a  time  delay  of  a;  5  ns.  The 
first  beam  from  an  excimer  laser  (A=308  mm; 
fwhm=  15  ns)  ionized  biphotonically  TMS  (or  pos¬ 
sibly  impurities  in  it)  and  produced  electrons  which 
gave  rise  to  a  fast  signal  (initial  drop  in  fig.  3b). 
These  electrons  were  quickly  (in  <  I  ns)  attached  to 
C6Ft  (present  in  TMS  at  a  concentration  of 
1.73xlO"’M)formingC6F6.  The  slowly  dropping 
portion  of  the  signal  (figs.  2  and  3b),  following  the 
initial  steep  fall  is  due  to  these  slow  moving  anions. 
The  mobility  of  the  negative  ions  (C6F^  )  was  mea¬ 
sured  to  be  9x  10'“  cm^  s“ '  V~ '.  At  the  preset  time 
delay  («5  ps),  the  second  laser  pulse  (from  a  tun¬ 
able  dye  laser;  fwhm=0.6  ns)  detached  the  electrons 
from  CeF^  (when  hv>  (£,h)L)  and  produced  a  sec¬ 
ond  transient  electronic  signal  (step  drop  in  fig.  3b, 
designated  by  the  tetter  d),  follov/ed  by  a  slow  drop 
when  the  detached  electrons  were  again  captured  by 
CsFs  forming,  slow  moving  C^Fs  ions. 

The  experimental  conditions  and  the  procedure  we 
employed  to  determine  <Tpd(£)  can  be  discussed  with 
the  aid  of  fig.  3.  The  first  (excimer)  laser  pulse  was 
picked  from  the  central  portion  of  the  excimer  laser 


Fig.  3.  Schematics  of  the  photodetachment  technique  illustrat¬ 
ing:  (a)  the  laser  interaction  region,  (b)  the  type  of  signal  mea¬ 
sured,  and  (c)  the  laser  intensity  and  negative  ion  density  pro¬ 
files  (see  the  text),  a  is  the  radius  of  the  interaction  volume;  /^(r) 
and  /,(r)  represent  the  intensities  of  the  dye  and  excimer  laser 
beams  respectively  (in  photons  cm"^);  n^{r)  and  n,(r)  repre¬ 
sent  the  densities  of  the  initially  produced  electrons  and  anions 
and  N^,  and  represent  the  total  number  of  initially  pro¬ 
duced  electrons,  anions,  and  detached  electrons. 


beam  and  had  an  essentially  flat  intensity  profile  I^r) 
(in  photons  cm“^)  for  distances  r<  a  where  a(  =  1.2 
mm)  is  the  radius  of  the  cross  sectional  area  of  the 
interaction  volume  (see  fig.  3a).  This  beam  pro¬ 
duced  the  initial  pulse  of  electrons  via  two-photon 
ionization.  These  electrons  were  uniformly  distrib¬ 
uted  in  the  interaction  volume  with  a  density  dis¬ 
tribution  nci(r)cc/c(r)^.  Under  our  experimental 
conditions  all  electrons  are  captured  by  QFr  within 
1  ns.  Since,  at  the  electric  field  applied  (20  kV  cm~ ' ), 
the  initial  electrons  drift  »20  jim  per  ns  and  the 
CjF^  w  0. 1 8  pm  per  ps  we  can  assume  that  the  neg¬ 
ative  ion  density  distribution  when  the  tunable  laser 
pulse  arrives  «  5  ps  later  is  nj(r)  =  nei(r)oc/e(r)^.  The 
tunable  dye  laser  intensity  profile  /a(r)  was  Gaus¬ 
sian  (lying  well  within  a;  see  fig.  3c).  Under  these 
conditions  the  density  distribution  of  the  photode- 
tached  electrons  is 


/ied(r)  =  ffpd(£)n,(r)7,(r)  (7) 

provided  that  ne<i(r)  ■«ni(r).  Furthermore,  since 
neither  laser  beam  was  significantly  attenuated  by 
the  medium,  /e(r),  ni(r),  and  /^(r)  were  virtually 
constant  along  the  axis  of  the  interaction  volume. 
Under  these  conditions  we  find 


ffpd(£)  = 


A^ed 

ATi  A  ’ 


(8) 


where  AA^  is  the  total  number  of  detached  electrons, 
Afj  is  the  total  number  of  negative  ions  and 
/,=27t/o  /d(r)rdr  is  the  total  number  of  photons  in 
the  dye  laser  pulse.  The  present  technique,  therefore, 
can  be  used  to  calculate  Upd  by  measuring  the  ratio 
AAd/A^i  (fig.  3b)  and  /,  and  by  knowing  the  intensity 
and  profile  of  the  two  laser  beams. 

The  photodetachment  signal  was  kept  small 
Afj  0.03 )  so  that  no  volume  saturation  occurred.  The 
ratio  N^/Ni  depended  linearly  on  /,  (see  fig.  4).  We 
estimate  that  the  overall  error  in  determining  is 
of  the  order  of  5%  to  10%.  This  error  is  both  sys¬ 
tematic  (mostly  due  to  errors  in  determining  the  size 
and  shape  of  /e(r)  and  n,(r)  and  the  value  of  a)  and 
random  (mostly  in  measuring  /,). 

The  liquid  TMS  was  purified  so  that  the  free  elec¬ 
tron  lifetime  in  neat  TMS  was  >  1  ps;  QF*  ( 99% 


”  If  both  /d(r)  and  n,(r)  have  Gaussian  profiles  with  halfwidths 
at  l/eof^andy,  eq.  (8)  becomes  <rpd(£')  =  A',d7i(^  +  }>’)/A',/,. 
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LASER  INTENSITY  (photons/pulse) 

Fig.  4.  The  photodetachment  signal  (ocN^/IVi)  as  a  function  of 
the  detaching  laser  intensity  (photons/pulse)  at  2=420  (• )  and 
300  ( O )  nm.  The  slope  of  the  data  at  both  wavelengths  is  I  in¬ 
dicating  a  linear  dependence. 

pure)  was  only  degassed  before  it  was  used.  All  ex¬ 
periments  were  performed  at  room  temperature 
(7=298  K). 


3.  Results  and  discussion 

3. 1.  Photodetachment  cross  section  as  a  function  of 
photon  energy 

In  fig.  5  is  shown  the  photodetachment  cross  sec¬ 
tion  Opd(£')  of  in  TMS  {T=s29i  K)  for  pho¬ 
ton  energies  between  1.63  and  3.44  eV  (360<2<760 
nm).  The  cross  section  exhibits  well-defined  max¬ 
ima  at  2.58  and  3.15  eV;  the  cross  section  value  at 
these  maxima  is  about  the  same  and  equal  to 
« 1 1 X  10“'*  cm^.  The  positions  of  the  two  maxima 
correspond  well  to  those  reported  {13]  in  the  ab¬ 
sorption  spectrum  of  C6Fi'.  The  present  o^(E)  for 
C6Fr  in  TMS  is  also  in  good  agreement  with  earlier 
data  [13]  taken  over  a  somewhat  smaller  energy 
range  ( »  1.75  to  3  eV). 

3.2.  Photodetachment  threshold 

To  determine  the  photodetachment  threshold 
from  the  experimental  measurements  in  fig. 


PHOTON  ENERGY  (eV) 


Fig.  5.  The  absolute  photodetachment  cross  section  o-pd(£)  (right- 
hand  side  Y axis)  of  C^Ff  in  tetramethylsilane  as  a  function  of 
the  photon  energy,  E,  and  a  linear  least  squares  fit  of 
(left-hand  side  Taxis)  for  £<1.95  eV.  The  intercept  with  the  AT 
axis  gives  a  threshold  energy  £u,  of  1 .5 1  eV. 


5  we  made  us  of  ( 1 )  which  we  rewrite  as 

(9) 

with  n=J(2/+l).  There  are  two  generic  problems 
in  fitting  the  experimental  data  to  eq.  (9):  (i)  lack 
of  knowledge  of  the  dxact  value  of  n  (i.e.  /),  and  (ii) 
lack  of  knowledge  of  the  energy  range  above  {E^)y_ 
over  which  eq.  (9)  is  applicable.  We,  thus,  deter¬ 
mined  (£u>)l  and  n  by  fitting  eq.  (9)  to  the  exper¬ 
imental  data  over  three  different  energy  regions  as 
shown  in  table  1.  Columns  2  and  3  give  respectively, 
the  values  of  (£■,!, )l  and  the  correlation  coefficients 
(CC)  when  only  the  data  points  in  the  lowest  energy 
range  (1.63  to  1.95  eV)  are  used.  The  best  least 
squares  fit  to  these  data  is  for  n  «  1.5  (i.e.  /=  1 )  and 
gives  a  value  for  (£,h)L=  1.51  eV.  In  columns  4  and 
5  arc  listed  the  values  of  (fthlt  and  the  CC  values 
obtained  by  a  least  squares  fit  to  all  the  data  points 
between  1.63  and  2.37  eV.  This  procedure  indicates 
a  lower  (£ui)l=1-41  eV  and  a  value  for  n=2.2 
( «2.5)  consistent  with  an  1=2.  We  take  the  values 
of  /=!  and  (£',h)i,=  1.51  eV  to  be  the  belter  esti¬ 
mates  since  (i)  we  were  unable  to  observe  any  pho¬ 
todetachment  signal  at  £=1.48  eV  (A=840  nm)  and 
(ii)  these  values  were  obtained  from  experimental 
data  which  were  energetically  closer  to  the  photo¬ 
detachment  threshold.  The  excellent  fit  to  the  data 
with  these  values  is  shown  in  fig.  5  by  the  straight 
line  through  the  measurements  which  have  been 


490 


Volume  193,  number  6 


CHEMICAL  PHYSICS  LETTERS 


12  June  1992 


Table  1 

Photodetachment  threshold  (£ti,)L  and  corresponding  correlation  coefTicient,  CC,  for  three  energy  ranges  and  values  of  n  between  O.S 
and2.S  (see  text) 


fl 

Energy  range  1.63- 

1.95  eV 

Energy  range  1.63-2.37  eV 

Energy  range  1.75-2.15  eV 

(f.h)L(eV) 

CC 

(£.h)L(eV) 

CC 

(Eu)l(cV)  CC 

0.5 

1.67 

0.90870 

1.77 

0.81817 

1.5 

1.51 

0.98559 

1.57 

0.99050 

1.59  0.98516 

1.6 

1.50 

0.98576 

1.55 

0.99274 

2.2 

1.40 

0.98433 

1.41 

0.99725 

2.5 

1.35 

0.98310 

1.35 

0.99694 

plotted  as  versus  E.  Finally  in  column  6 

of  table  1  is  listed  the  value  1.59  eV  we  obtained  for 
the  by  fitting  to  eq.  (9)  the  data  between  1.75 
and  2. 1 5  eV  and  using  /i=  1 .5.  This  energy  range  and 
this  value  for  n  were  used  in  an  earlier  study  [13] 
which  gave  (£’oi)l=  1-61  cV  for  QF^"  in  TMS  at  296 
K. 

3.3.  Possible  effects  due  to  impurity  anions 

If  an  impurity  negative  ion  X“  is  present  in  the 
interaction  volume  in  addition  to  CsFg",  then  the 
measured,  apparent  photodetachment  cross  section 
will  be 

ff'pd  =  W<^pd+A^«c^pdx)/(A'i+A'u).  (10) 

where  Mu  and  Opd,  are  respectively  the  number  of  X“ 
ions  in  the  interaction  volume  and  the  photodetach¬ 
ment  cross  section  of  X  ‘.  The  possibility  that  pho¬ 
todetachment  from  impurity  ions  was  affecting  the 
measurements  (especially  the  determination  of 
(^ih)L)  was  ruled  out  by  performing  photodetach¬ 
ment  experiments  in  neat  TMS.  In  these  experi¬ 
ments  the  same  purity  TMS  was  used  as  with  the 
TMS/QF«  mixtures,  but  a  lower  electric  field  ( <  100 
V  cm~ ' )  was  applied  to  ensure  that  the  electrons  do 
not  escape  from  the  interaction  volume.  For  £=  1.77 
eV  (A=700  nm)  we  observed  no  measurable  pho¬ 
todetachment  in  neat  TMS.  For  £=  2.48  eV  (2=  500 
nm )  we  observed  some  photodetachment  due  to  im¬ 
purity  anions  and  estimated  a  photodetachment  cross 
section  oflxl0“"to2xl0~'*  cm^,  i.c.  about  a  fac¬ 
tor  of  10  lower  than  that  of  QF;"  at  this  photon  en¬ 
ergy.  We,  also,  measured  the  free  electron  lifetime  in 
neat  TMS  and  in  the  TMS/C«F«  mixture  we  inves¬ 


tigated  and  found  it  to  be  >  1  ps  and  <  1  ns  respec¬ 
tively.  These  two  measurements  indicate  that  the 
contribution  of  any  impurity  anions  present  in  TMS 
to  the  photodetachment  signal  measured  in  the  TMS/ 
C6F4  mixture  is  <0.01%  at  2=500  nm.  Similarly  we 
concluded  that  possible  impurities  in  C6F6  itself 
would  not  have  significantly  affected  the  photode¬ 
tachment  signal  for  the  TMS/C6F6  mixture. 

3.4.  Relation  of  (E,Jl  to  (EA)l  and  (EA)a 

There  is  a  considerable  spread  in  the  values  of 
(EA)o  for  QF*  [17].  Two  recent  determinations  of 
the  (EA)o  of  QFe  gave  a  value  of  0.86  eV  [18,19] 
and  0.52  eV  [20].  The  latter  value  is  probably  too 
low  and  may  correspond  to  an  excited  state  of 
C«F^.  If  we  take  (EA)g=0.86  eV  and  the  values  of 
-0.51  eV  for  Fq  [13]  and  -0.92  eV  for  p-  [14] 
then  from  eq.  (6)  we  find  (EA)l=  1.27  eV  which  is 
0.41  eV  larger  than  (EA)o.  From  eq.  (6),  also,  we 
have  (A£)L=(£'ih)L— (EA)l=0.24  eV.  The  value 
of  (AE)l  is  as  expected  positive  and  larger  than  any 
possible  error.  The  value  of  (AE)l  would  be  0.58  eV 
if  we  used  (EA)g=0.52  eV. 


4.  Conclusion 

A  two  laser  photoconductivity  technique  has  been 
developed  for  the  measurement  of  photodetachment 
cross  sections  from  negative  ions  and  the  determi¬ 
nation  of  the  photodetachment  thresholds  in  dense 
fluids.  Using  this  technique  we  measured  the  pho- 
lodetachment  cross  section  of  C«  Ff  in  liquid  TMS. 
The  cross  section  had  two  maxima  at  £=2.58  and 
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3.15  eV  with  a  (ffpd)Lvalue  of  »  11 X  10~!*cm^  Us¬ 
ing  a  3/2  power  threshold  law,  the  photodetachment 
threshold  was  determined  to  be  (£,h)L=  1-51  eV.  An 
equation  of  the  form 

(£,hk  =  (EA)o  +  Ko-/’-  +  (A£)L  (11) 

is  necessary  to  relate  the  measured  photodetachment 
threshold  to  the  gas  phase  electron  affinity. 
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APPENDIX  C 


ULTRAFAST  AND  ULTRASENSITIVE  DIELECTRIC  LIQUIDS/MIXTURES:  BASIC 
MEASUREMENTS  AND  APPLICATIONS 
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Basic  properties  of  cryogenic  and  room  temperature  dielectric 
liquids/mixtures  with  high  electron  yields  (under  irradiation  by  ionizing 
particles)  and  high  excess  electron  drift  velocities  are  discussed.  A 
number  of  ultrafast  and  ultrasensitive  liquid  media — appropriate  for 
possible  use  in  liquid~fllled  radiation  detectors  and  other 
applications — are  identified. 

INTRODUCTION 

Contrary  to  low-pressure  gases  where  electrons  are  "free,"  in 
liquids  electrons  are  quasifree  or  localized;  e.g.,  see  Christophorou  and 
Siomos  (1984),  Christophorou  (1988),  Schmidt  (1984),  Freeman  (1987), 
Kunhardt  et  al.  (1988).  Excess  electrons  are  quasifree  in  liquids  for 
which  the  electron  ground-state  energy,  V^,  is  negative  (<  0  eV).  Such 
liquids  can  be  cryogenic  or  "warm"  (room  temperature).  Examples  are 
given  in  Table  1.  It  is  in  such  liquids  (and  their  mixtures  with 
appropriate  additives)  that  the  search  for  ultrafast  and  ultrasensitive 
liquid  media  is  being  focused. 

ELECTRON  DRIFT  VELOCITIES,  ELECTRON  ENERGIES,  AND  ELECTRON  ATTACHMENT  TO 

MOLECULES  IN  DIELECTRIC  LIQUIDS  WITH  V  <  0  eV 

o 

In  liquids/mixtures  with  V^  <  0  eV  (such  as  those  in  Table  1), 
quasifree  electrons  drift  fast,  have  energies  in  excess  of  thermal  at 
high  applied  electric  fields  E,  and  attach  to  molecules  as  in  gases  (but 
with  notable  changes  in  the  energy  position,  cross  section,  and  lifetime 
of  the  negative  ion  state(s)  involved);  e.g.,  see  Christophorou  and 
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Table  1.  Examples  of  Liquids  with  Negative 


Liquid 

V^(eV)® 

Cryogenic 

Ar(87  K) 

-0.20 

Xe(165  K) 

-0.61 

Room  Temperature 

Neopentane  IC(CH^)^] 

-0.43 

Tetramethylsilane  {Si(CH2)^J 

-0.57 

Tetramethylgermanium  (Ge(CH2)^l 

-0.64 

Tetramethyltln  tSn(CH2)^l 

-0.75 

2,2,4, 4-Tetramethylpentane  t (CH2)3CCH2C(CH2)3 1 

-0.36 

^  See  Christophorou  and  Siomos  (1984),  Christophorou  (1988),  Schmidt 
(1984),  Freeman  (1987),  Kunhardt  et  al.  (1988),  Allen  (1976)  for 
original  sources  of  data. 


Siomos  (1984),  Christophorou  (1988),  Schmidt  (1984),  Freeman  (1987),  Kunhardt 
et  al.  (1988),  Allen  (1976),  Christophorou  (1983),  Christophorou  et  al. 
(1989).  Figs.  1  through  6  exemplify  these  properties  for  cryogenic  liquids 

In  Fig.  1  the  electron  drift  velocity  (w)  as  a  function  of  the  density- 
reduced  electric  field  E/N  is  shown  for  gaseous  Ar  (Christohphorou,  1971; 
Robertson,  1977)  and  Xe  (Christophorou,  1971;  Hunter  et  al.,  1988)  and  for 
liquid  Ar  and  Xe  (Miller  et  al.,  1968).  (v^^  and  refer  to  the  v  in  the 

liquid  and  the  gas,  respectively.)  At  any  value  of  E/N,  the  in  the 
liquid  far  exceeds  the  in  the  low-pressure  gas,  especially  for  Xe  at  low 
E/N,  reflecting  the  profound  changes  in  the  momentum  transfer  cross  section 
o^(c)  between  the  gas,  (‘^„)q(g)t  and  liquid,  (Christophorou,  1988; 

Christophorou  et  al.,  1989). 


In  Fig.  2  the  characteristic  energ^y 


versus  E/N  (where 


is  the  transverse  electron  diffusion  coefficient  and  u  is  the  electron 
mobility)  is  shown  for  liquid  Ar  (Shibamura  et  al.,  1979)  (T  >  87  K)  and 
liquid  Xe  (Kubota  et  al.,  1982)  (T  =  165  K).  For  comparison,  the 

calculated  (Christophorou  et  al.,  1989;  Hunter  et  al.,  1988)  (3  1 

l2  *  u  Jg 

versus  E/N  for  gaseous  Ar  and  gaseous  Xe  at  room  temperature  (T  >  300  K) 
and  at  T  -  165  K  for  Xe  and  at  T  -  87  K  for  Ar  are  also  shown  in  the 
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Pig.  1.  V  versus  E/N  in  gaseous  Ar  ;  see  Chtlstophorou  (1971), 

Robertson  (1977))  and  Xe  (•,  O:  see  Christophorou  (1971), 
Hunter  et  al.  (1988)]  and  liquid  Ar  [□;  see  Miller  et  al. 

>  (1968)]  and  Xe  (A.,  see  Hiller  et  al.  (1968)].  Inset:  Ratio 

Wg/Wb  versus  E/N  for  Ar  and  Xe. 


Fig.  2.  Calculated  (Christophorou  et  al.,  1989;  Hunter  et  al., 

1988)  e  versus  E/N  for  gaseous  Ar  at  T  •  300  K  (o) 
and  T  »  87  K  (D)  and  gaseous  Xe  at  T  >  300  K  (A)  and  165  K 

(V).  The  experimental  e  — versus  E/N  for  liquid  Ar 


(■:  see  Shibamura  et  al.  (1979)]  and  for  liquid  Xe  [t:  see 
Kubota  et  al.  (1982)]  respectively  at  87  and  165  R.  Inset: 


■Ratio 


versus  E/N  for  Ar  (•)  and  Xe  (A). 
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for  liquid  Ar  are  lover  than  the  corresponding 


figure. 


Vhile  the 


3 
M  ) 


gaseous  values,  the  opposite  behavior  is  observed  for  Xe.  In  the  E/N  range 
over  which  0.^/u  measurenents  were  made  in  the  liquid  phase  (Fig.  2),  the 
characteristic  energies  are  larger  in  liquid  Xe  than  in  liquid  Ar. 

In  Fig.  3  are  shown  (Christophorou  et  al.,  1989)  the  various  estimates 
of  the  mean  electron  energy  <e>j^  versus  E/N  in  liquid  Ar.  For  comparison, 
the  gaseous  <e>g  versus  E/N  is  shown  in  the  figure  for  T  =  300  K  and  87  K. 
Over  the  entire  E/N  range  investigated,  all  estimates  give — for  a  fixed 
E/N — <e>j^  less  than  Similarly,  in  Fig.  4  are  shown  the  <e>l  '^®'^sus 

E/N  estimates  (Christophorou  et  al.,  1989)  for  liquid  Xe.  Contrary  to  the 
case  of  Ar,  is  greater  than  for  Xe  at  all  E/N  values  (see  Fig.  4). 

The  fact  that  for  Xe  values  of  E/N  in  Fig.  2  is  consis¬ 
tent  with  the  result  w^^  >  Wg  (Fig.  1)  and  indicates  (Oj,)^  ^®m^G 

e  <  1  eV. 

In  Fig.  5  is  plotted  the  rate  constant  (k^l^  electron  attachment  to 
SF^,  N2O,  and  O2  in  liquid  Ar  (Bakale  et  al.,  1976)  as  a  function  of  <e>j^ 
(Christophorou  et  al.,  1989;  see  Fig.  3).  While  the  <e>j^  dependence  of 
(k  ),  for  the  three  solutes  is  similar  to  the  respective  (k,)_  (<0)  in 
gases  (Christophorou  et  al.,  1989;  Christophorou,  1971;  Christophorou  et 
al.,  1984),  the  (k  ),  (<e>)  functions  are  normally  shifted  to  lower  energie. 
and  are  larger  in  magnitude  than  those  (k^)g  (<e>)  in  gases  (e.g.,  see 
Fig.  6  and  Christophorou,  1988;  1985). 


Fig.  3.  Calculated  versus  E/N  for  liquid  Ar,T:  Nakamura  et 

al.  (1986);  ■:  Christophorou  (1985);  ▲:  Gushchin  et  al. 
(1982);'^:  Lekner  (1967)  in  comparison  with  the  calculated 
values  of  Christophorou  et  al.  (1989)  in  liquid  Ar  at  T  « 
87  K  (A)  and  gaseous  Ar  at  T  ^  87  K  (o)  and  300  K  (□). 
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lU  lU  IVI  M  IV  IV 

E/N  (V  cm^) 

Fig.  4.  Calculated  E/N  for  liquid  Xe,A:  Gushchin  et 

al.  (1982)  in  comparison  with  the  calculated  values  of 
Christophorou  et  al.  (1989)  in  liquid  Xe  at  T  ^  165  K  (o) 
and  gaseous  Xe  at  T  =  165  K  (■)  and  300  K  (□). 
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MEAN  ELECTRON  ENERGY  <e>  (.V) 

Lg.  5.  Rate  constant,  electron  attachment  to  SFg,  NjO 

and  Oj  measured  in  liquid  Ar  [BaRale  et  al.  (1976)], 
plotted  versus  <e>j^  [using  the  <e>j^  versus  E/N  estimates  of 
Christophorou  et  al.  (1989)1. 


(OgOR  <«Y(*V) 
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Fig.  6.  Electron  attachment  rate  constant  for  N2O  in  gaseous, 

(k  ),,,  and  liquid,  (k,),  ,  argon  plotted  versus  E/N  and  <e>_ 

O  U  a  la 

or  <0,,  see  Christophorou  (1985).  The  attachment  is  due 
to  the  reaction  e  +  NjO  — >  N2O  — *  0  +  N2.  Note  the 

shift  of  the  resonance  to  lower  energies —  and  the  increase 
in  the  rate  constant — in  liquid. 


For  room- temperature  dielectric  liquids,  v(E)  has  been  measured  by 
many  authors  especially  at  low  E  [see  Christophorou  and  Siomos  (1984), 
Christophorou  (1988),  Schmidt  (1984),  Freeman  (1987),  Kunhardt  et  al. 

(1988),  Allen  (1976),  Christophorou  et  al.  (1989),  Doldissen  and  Schmidt 
(1979),  Faldas  et  al.  (1989a) J.  In  Fig.  7  are  shown  our  (Faidas  et  al., 
1989a)  recent  measurements  of  w(E)  in  tetramethylsilane  (TMS)  and  2,2,4,4- 
tetramethylpentane  (TUP).  These  measurements  extend  to  E  >  1.2  x  10^  V  cm~^ 
and  were  made  using  a  new  technique  (see  below).  For  both  THS  and  THP,  the 
mobility  u  (=w/E)  decreases  with  E  (Fig.  8)  indicating  that  the  ^’fceeds 

1.5  kT,  see  Bakale  and  Beck  (1986). 

The  technique  employed  for  the  w(E)  measurements  in  Fig.  7  is  espe¬ 
cially  suitable  for  accurate  measurements  of  w(E)  in  fast  dielectric 
liquids;  it  is  being  developed  (through  the  use  of  a  subnanosecond  laser 
pulse)  to  also  measure  longitudinal  electron  diffusion  coefficients  in 
dielectric  liquids.  The  principle  of  the  technique  is  shown  in  Fig.  9. 

After  extensive  purification  (Faidas  and  Christophorou,  1987),  the  liquid 
under  study  was  contained  in  a  cell  which  consisted  of  a  six-way  stainless 
steel  cube  with  two  windows  for  the  entry  and  exit  of  the  laser  beam 
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Fig.  9.  Schematic  of  the  experimental  set  up  for  the  measurement  of 
v(E)  in  fast  liquids,  Faidas  et  al.  (1989a). 


and  tvo  electrical  feedthroughs  (one  for  the  high  voltage  and  the  other  for 
the  signal)  to  which  the  electrodes  (two  stainless  steel  parallel-plate 
circular  disks  of  1"  in  diameter  and  at  a  distance  of  a  few  mm  apart)  were 
attached.  The  beam  of  an  exciroer  laser  (X  =  308  nm,  pulse  duration  -  17  ns) 
was  focused  at  the  center  of  the  negative  high  voltage  electrode  in  a  cir¬ 
cular  area  of  -  5  ram  in  diameter.  Voltages  in  excess  of  40  kV  could  be 
applied  to  the  high  voltage  electrode. 

The  signal  due  to  the  drifting  pulse  of  electrons — generated  by  the 
laser  pulse  at  the  cathode — was  measured  and  recorded  in  two  different  ways: 
(i)  In  the  voltage  mode  (Fig.  10a)  the  signal  was  fed  directly  to  a  fast 
(response  time  -  3  ns)  charge-sens! tive  preamplifier  and  was  captured, 
averaged  and  stored,  by  a  transient  digitizer  as  a  voltage  waveform,  (ii) 

In  the  current  mode  (Fig.  10b)  the  input  of  the  preamplifier  was  grounded 
through  a  50  2  resistor.  This,  in  effect,  corresponds  to  electronic  dif¬ 
ferentiation  of  the  voltage-mode  signal  and  gives  the  transient  current 
waveform. 

By  numerically  differentiating  the  current-mode  signal  (Fig.  10c),  a 
waveform  corresponding  to  the  rate  of  charge  injection  from  the  cathode 
and  collection  at  the  anode  is  obtained.  The  drift  time  was  measured  by 
determining  points  A  and  B  on  any  of  the  three  types  of  waveforms  (volt¬ 
age,  current  or  charge). 
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The  fast  electron  motion  in  such  (cryogenic  or  room  temperature) 
media  finds  application  in  a  number  of  areas  such  as  radiation  detectors, 
see  Brassdrd  (1979),  Dok.e  (1981),  Holroyd  and  Anderson  (1985)  and  pulsed 
power  switches  (Christophorou  and  Faidas,  1989).  In  connection  with 
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radiation  detectors,  liquid  Ar  and  liquid  Xe  are  excellent  detector 
media.  It  can  be  seen  from  Fig.  1,  for  example,  that  the  v  in  liquid 
Ar — and  especially  liquid  Xe — is  larger  than  in  the  corresponding  gas 
over  a  large  range  of  E/N.  This  is  highly  desirable  since  the  magnitude 
of  V  determines  the  time  response  of  radiation  detectors  and  since  a 
large  v  reduces  electron-ion  recombination  iind  thus  increases  the  gain  of 
the  detector.  The  saturation  of  the  v  versus  E/N  curve  for  liquid  Xe  at 
comparatively  lov  E/N  values  (see  Fig.  1)  and  the  much  higher  density  of 
liquid  Xe  (allowing  improved  detector  spatial  resolution)  are  additional 
advantages  for  using  Xe  as  a  detector  fluid. 

The  magnitude  of  v  can  be  considerably  increased  over  a  vide  E/N 
range — as  in  gases  (Christophorou  et  al. ,  1979) — by  the  addition  of 
suitable  molecular  additives  to  liquid  Ar  and  Xe.  Such  additives  must  be 
nonelectron-attaching,  have  appropriate  cross  sections  at  lov  energies, 
and  adequate  vapor  pressure  so  that  additive  concentrations  of  a  few 
percent  are  possible.  Besides  enhancing  v,  such  additives  would  reduce 
the  size  and  affect  the  E/N  dependence  of  the  electron  diffusion 
coefficient  and  mean  electron  energy,  which  crucially  affect  the  particle 
detector's  spatial  resolution  and  gain  and  the  influence  of  elec¬ 
tronegative  impurities.  By  analogy  to  gases,  small  amounts  (<  few 
percent)  of  molecular  additives  (e.g.,  CH^,  ^2^^)  were  added  to  liquid  Ar 
and  Xe  and  remarkable  increases  in  v  were  observed  (see  Fig.  11  and 
Yoshino  et  al.,  1976;  Shibamura  et  al.,  1975). 

Similarly,  the  large  v  values  for  a  number  of  room  temperature 
liquids  [Fig.  7;  Table  2;  Christophorou  and  Siomos  (1984),  Christophorou 
(1988),  Schmidt  (1984),  Freeman  (1987),  Kunhardt  et  al.  (1988),  Holroyd 


Fig.  11.  w  versus  E  in  liquid  Ar  ( - )  and  liquid  Ar/CH^  mixtures; T 

(Nj.j,  -  2.6  X  10^®  molecules  cm”^),  •(N^.^  -  6.5  x  10^° 

molecules  cm”^).  T(Ar)  -  87  K,  see  Yoshino  et  al.  (1976); 

.  see  this  reference  for  data  on  other  liquid  Ar  and  liquid 
Xe  mixtures). 
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Table  2.  V  ,  I, ,  and  v  for  Four  Fast  Room  Temperature  Liquids 

O  !,( 


Liquid 

V^(eV) 

iL(eV)* 

w  (cm  s  ^ 

2 , 2, 4, 4-Tetramethylpentane 

-0.36 

8.2 

2.4  x  10 

Neopentane 

-0.40 

8.85 

-2.5  x  10 

Te  t  r ame  thy Is i lane 

-0.57 

8.1 

6.5  X  10 

Tetramethyltln 

-0.75 

6.9 

- 

^Schmidt  (1984),  Bo'ttcher  and  Schmidt  (1984)  and  Buschlck  and  Schmidt 
(1989). 

^For  E  =  10^  V  cm"^. 

and  Anderson  (1983)]  make  such  media  good  candidates  for  liquid-filled 
radiation  detectors.  It  is  seen  from  Fig.  7  that  the  v  approaches  10^ 
cm  s”^  at  E  values  of  -10^  V  cm~^.  tfhile  the  w(E)  of  such  room  tempera¬ 
ture  liquids  may  be  further  increased  by  appropriate  additives,  such  v(E) 
enhancements  are  not  expected  to  be  significant. 

Ultrasensitive  Dielectric  Liquids/Mixtures 

In  attempting  to  identify  the  key  physical  quantities  which 
determine  free  electron  production  (by  ionizing  particles)  and  allow  the 
selection  and  development  of  "ultrasensitive"  liquids,  let  us  refer  to 
the  following  three  simple  expressions: 


'fe  ~  ^esc  ^te 

(1) 

(2) 

L  =  ^G  *  '^o  ^  "" 

(3) 

In  Eq.  (1),  Gjg  is  the  yield  of  free  electrons  generated  in  the 
liquid  by  the  deposition  of  100  eV  energy  by  a  particular  type  (e.g.,  <x, 
P,  y)  of  ionizing  radiation  in  the  absence  of  an  applied  electric  t  !ld 
(l.e.,  E  =  0);  Gjg  is  the  total  electron  yield  [G^^  »  100  eV/W,  where  V 
is  the  average  energy  (in  eV)  required  to  produce  an  electron-ion  pair]; 
and  p^g^  is  the  escape  probability  (i.e.,  the  probability  that  the 
initial  electron-ion  pair  will  separate  and  not  recombine).  While  = 

1  for  low-pressure  gases  (i.e.,  geminate  recombination  is  unimportant), 
in  liquids  normally  p  «  1  (i.e.,  most  geminate  electron-ion  pairs 

6SC  ^ 

recombine  with  a  resultant  strong  reduction  in  G?  ).  In  Eq.  (2), 

E 

(Freeman,  1987;  Onsager,  1938)  G£^  is  the  free  electron  yield  when  an 
electric  field  E  is  applied  across  the  volume  in  which  the  electrons  are 
generated;  G^^  exceeds  G^^  by  an  amount  A£  where  A  is  a  constant  that 
depends  on  the  liquid.  In  Eq.  (3)  (see  Christophorou  and  Siomos,  1984; 


Chris tophorou,  1988;  Schmidt,  1984;  Freeman,  1987;  Kunhardt  et  al.,  1988; 
Faidas  et  al.,  1989b;  Faidas  and  Christophorou,  1988),  and  are  the 
ionization  threshold  energies  for  a  species  embedded  in  the  liquid  and  in 
the  low  pressure  gas,  respectively,  and  P*  is  the  polarization  energy  of 
the  positive  ion  in  the  liquid. 

The  simple  expressions  (1)  to  (3)  suggest  a  number  of  ways  of 

£ 

selecting  and  developing  ultrasensitive  (large  «ie>  dielectric 
liquids/mixtures.  Clearly,  the  larger  the  and  are,  the  higher 

the 

Pure  Liquids  (V^  <  0  eV) 

The  total  electron  yield  G^^  for  pure  liquids  can  be  increased  if  W 
can  be  lowered.  In  view  of  (3) — and  since  P'*’  and  are  negative  quant- 
ties — <  Iq  (see  Christophorou  and  Siomos,  1984;  Christophorou,  1988; 
Schmidt,  1984;  Freeman,  1987;  Kunhardt  et  al.,  1988;  Bo'ttcher  and 
Schmidt,  1984;  Buschick  and  Schmidt,  1989;  Faidas  et  al.,  1989b;  Faidas 
and  Christophorou,  1988;  Tables  2  and  3)  and  thus,  (Christophorou 

and  Siomos,  1984)  and  This  is  certainly  the  case  for 

liquid  Ar  and  Xe  (Column  4,  Table  3). 

While  the  total  electron  yield  G  can  be  larger  in  the  liquid  than 

E 

in  the  corresponding  gas,  the  free  electron  yield  ^ie  is  smaller  in  the 
liquid — by  an  amount  which  depends  on  the  applied  electric  field- — even 
for  the  very  fast  liquids  (Column  5,  Table  3).  This  is  especially  the 
case  for  densely  ionizing  particles  (e.g.,  o-particles;  Column  6,  Table 
3)  due  to  the  very  low  values  of  p  .It  should  be  noted  that  p„„„ 
increases  with  increasing  electron  drift  velocity  w;  the  w — as  the 
electron  therraalization  length — increases  with  decreasing  electron 
scattering  cross  section  of  the  liquid. 

For  pure  liquids  (V  <  0  eV),  then,  a  low  I,  and  large  values  of  w 

E 

and  E  are  desirable  for  a  large  G^e. 

Dielectric  Liquids  (V^  <  0  eV)  with  Molecular  Additives 

Clearly  the  free  electron  yield  can  be  considerably  increased  by 

increasing  G.  and  P  in  liquid  rare  gas-molecule  mixtures.  Traces  of 
te  esc 

nonelectron-attaching  additives  with  low  Ij^  in  rare  gas  liquids  lower  the 

V,  of  the  mixture  via  Penning  ionization  and  other  photoionization 

^  E 

processes  and  thus,  increase  G^^.  A  profound  increase  in  Gj^  can  be 

realized  (Fig.  12A,  B,;  Anderson,  1986;  Suzuki  et  al.,  1986)  by  the  use 

of  an  additive  X  to  liquid  Ar  (or  Xe)  which  can  absorb  efficiently  the 

recombination  luminescence  which  is  abundantly  produced  in  rare  gas 


324 


I 


Table  3.  and  Free  Electron  Yields  for  Some  Efficient  Liquids 


Liquid 

iL(eV) 

iG(eV) 

Electron 

Yield  (Electrons/ 100  eV) 

Gte(e.  r)* 

(e.r)® 

4  <“> 

Ar 

-14.1'= 

15.755** 

4.4® 

2. 3^(4. 3)^’® 

0.45*’® 

Xe 

-8.9*= 

12. 127** 

(3.8)J 

6.5® 

4.4* 

(4.6)5 

C(CH^ 

8.85^ 

10.23*^ 

4.30^ 

1.1*(1.8)*’® 

0.036*’® 

Si(CH3)^ 

8.1^ 

9.65*' 

- 

0.74^(1.19)*’*^ 

0.029*’® 

®For  low-ionization  density  particles  (electrons,  y-rays). 

^For  high-ionization  density  particles  (a-par tides). 

^Christophorou  and  Siomos  (1984),  p.  307. 

*^Christophorou  (1971). 

®Christophorou  and  Siomos  (1984),  p.  304. 

^Holroyd  and  Anderson  (1985)  (T  =  296  K). 

„  4-1 

“For  E=  10  V  cm  ,  see  Holroyd  and  Anderson  (1985). 

^Gaseous  value  determined  from  the  W-values  in  Christophorou  (1971). 
^Huang  and  Freeman  (1977). 

■^From  Table  2. 

^Levin  and  Lias  (1982). 

^Gyb'rgy  and  Freeman  (1987). 


liquids,  see  Doke  (1981),  and  be  efficiently  ionized.  For  a  liquid  Ar,  X 
system  these  processes  can  be  written  as 

Ar*  +  Ar  - 


Ar*  +  e 


hvg  +  X 


ax 


Ar., 


hVg  +  Ar  +  Ar 


-^^X* 


where  h\^  is  the  liquid  argon  excimer  (E)  recombination  luminescence 
which  peaks  at  -  9.55  eV  and  and  are,  respectively,  the  absorption 
cross  section  and  ionization  efficiency  of  X*.  To  optimize  these 
processes  one  needs  to  select  an  X  with  an  optimum  product.  Such 

additives  (e.g.,  amines,  tetramethylgermanium)  (Anderson,  1986;  Suzuki  et 
al.,  1986)  can  be  added  in  parts  per  million  levels  to  binary  liquid 
argon-molecule  mixtures  already  optimized  for  a  maximum  electron  drift 
velocity.  A  large  w  and  a  high  applied  field  E  will  further  increase 
by  increasing  p^^^  (Fig.  12). 
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Fig.  12.  Charge  collected  as  a  function  of  applied  electric  field 
for: 

Pig.  12(a);  3-particles  in  pure  argon  (•)  and  liquid 
argon-triethylamine  (TEA)  mixture. 

Pig.  12(b);  o-particles  in  pure  argon  (A)  and  in  liquid 

argon-triethylamine  mixtures  (Curve  C:  4.6  x 

10^^  molecules  cm”^5  Curve  D:  1.1  x  10^^ 

_3 

molecules  cm  ).  Prom  Anderson  (1986);  see 
this  reference  for  details  and  data  on  other 
liquid  argon  mixtures. 


The  of  fast  room  temperature  dielectric  liquids  is  limited  com¬ 
pared  to  cryogenic  liquid  rare  gases,  especially  for  densely  ionizing 
particles  (Table  3).  For  room  temperature  liquids  the  electron  thermal- 
Izatlon  length — and  hence  p  — are  much  smaller  than  for  the  cryogenic 

liquids,  internal  conversion  and  dissociation  processes  rapidly  deplete 
excited  electronic  states  which  might  lead  to  Penning  ionization  in  room 
temperature  mixtures,  and  recombination  luminescence  is  too  weak  or  non¬ 
existent  to  be  useful  as  an  additional  electron  production  mechanism  in 
mixtures.  However,  it  might  be  possible  to  improve  the  efficiency  of 
fast  room  temperature  dielectric  liquids  by  employing  Penning  mixtures 
where  the  ionization  onset  energy,  l£^(X),  of  the  impurity  X  in  these  fast 
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liquids  is  very  low  (e.g.,  the  of  tetrakis(dimethylamino)ethylene 
(THAE)  in  tetramethylsilane  has  been  reported  to  be  3.54  eV  (Nakato  et 
al.,  1974)  and  3.66  eV  (Holroyd  et  al.,  1985)  and  that  of  N.N.N', 

N' tetramethyl-p-phenylenediamine  (TMPD)  in  the  same  liquid  4.29  eV 
(Holroyd,  1972)  and  4.45  eV  (Bullot  and  Gauthier,  1977)]  and  by  applying 
very  high  electric  fields. 


ACKNOVLEDGMENTS 

Research  sponsored  by  the  Office  of  Health  and  Environmental 
Research  of  the  U.  S.  Department  of  Energy  under  Contract  No.  DE-AC05- 
840R21400  with  Martin  Marietta  Energy  Systems,  Inc.  and  by  the  U.  S. 
Department  of  Energy  and  the  Office  of  Naval  Research  under,  respect¬ 
ively,  Contracts  No.  DE-AS05-76ER03956  and  N00014-89-J-1990  with  the 
University  of  Tennessee. 

REFERENCES 

Allen,  A.  0.,  1976,  NSRDS-NBS  58,  1. 

Anderson,  0.  F.,  1986,  Nucl.  Instr.  Meth.  Phys.  Res.  A242,  254;  ibid, 
A245,  361. 

Bakale,  G.,  and  G.  Beck,  1986,  J.  Chem.  Phys.  84,  5344. 

Bakale,  G.,  U.  Sovada,  and  V.  F.  Schmidt,  1976,  J.  Phys.  Chem.  80,  2556. 
Bdttcher,  E.  -H.,  and  V.  F.  Schmidt,  1984,  J.  Chem.  Phys.  80,  l3S3. 
Brassard,  C.,  1979,  Nucl.  Instr.  Meth.  162,  29;  J.  Engler,  and  H.  Keim, 
1984,  Nucl.  Instr.  Meth.  Phys.  Res'.  223,  47. 

Bullot,  J.,  and  M.  Gauthier,  1977,  Can.  J.  Chem.  1821. 

Buschick,  K. ,  and  V.  F.  Schmidt,  1989,  IEEE  Trans.  Electr.  Insul.  EI-24, 
353. 

Chrlstophorou,  L.  G.,  1985,  Chem.  Phys.  Lett.  121,  408. 

Chrlstophorou,  L.  G.,  1988,  "The  Liquid  State  and  Its  Electrical 

Properties,"  E.  E.  Kunhardt,  L.  G.  Chrlstophorou,  and  L.  H.  Luessen, 
(Eds.),  NATO  ASI,  Series  B,  Vol.  193,  (Plenum  Press),  New  York,  p. 
283. 

Chrlstophorou,  L.  G.,  1971,  "Atomic  and  Molecular  Radiation  Physics," 
Viley-Intersclence,  New  York. 

Chrlstophorou,  L.  G.,  and  H.  Faidas,  1989,  Appl.  Phys.  Lett.  948. 
Chrlstophorou,  L.  G.,  and  K.  Siomos,  1984,  "Electron-Molecule 

Interactions  and  Their  Applications,"  L.  G.  Chrlstophorou,  (Ed.), 
Academic,  New  York,  Vol.  2,  Chapt.  4. 

Chrlstophorou,  L.  G.,  S.  R.  Hunter,  and  J.  G.  Carter,  1989,  Intern.  J. 
Radlat.  Phys.  Chem.  819. 

Chrlstophorou,  L.  G.,  D.  L.  McCorkle,  and  A.  A.  Chris todoulides,  1984, 
"Electron-Molecule  Interactions  and  Their  Applications,"  L.  G. 
Chrlstophorou,  (Ed.),  Academic,  New  York,  Vol.  1.,  Chapt.  6. 
Chrlstophorou,  L.  G.,  D.  L.  McCorkle,  D.  V.  Maxey,  and  J.  G.  Carter, 

1979,  Nucl.  Instr.  Meth.  163,  141;  L.  G.  Chrlstophorou,  D.  V.  Maxey, 
D.  L.  McCorkle,  and  J.  G.  Carter,  1980,  Nucl.  Instr.  Meth.  171,  491. 
Doke,  T.,  1981,  Portgal.  Phys.  12,  9. 

Dbldlssen,  V.,  and  V.  F.  Schmidt,  1979,  Chem.  Phys.  Lett.  68,  527. 

Faidas,  H.,  and  L.  G.  Chrlstophorou,  1987,  J.  Chem.  Phys.  2505. 
Faidas,  H.,  and  L.  G.  Chrlstophorou,  1988,  Rad.  Phys.  Chem.  32,  433. 
Faidas,  H.,  L.  G.  Chrlstophorou,  and  D.  L.  McCorkle,  1989a,  ^em.  Phys. 
Lett.,  163,  495. 

Faidas,  H.-,  L.  G.  Chrlstophorou,  P.  G.  Datskos,  and  D.  L.  McCorkle, 

1989b,  J.  Chem.  Phys.  90,  6619. 

Freeman,  G.  R.,  (Ed.),  1987,  "Kinetics  of  Nonhomogeneous  Processes," 
Wiley-Interscience,  New  York. 

I 


327 


Gushchin,  E.  H.,  A.  A.  Kruglov,  and  I.  M.  Obodovskil,  1982,  Sov.  Phys. 
JETP  W,  650. 

Gyorgy,  I.,  and  G.  R.  Freeman,  1987,  J.  Chem.  Phys.  86,  681. 

Holroyd,  R.  A.,  1972,  J.  Chem.  Phys.  57,  3007. 

Holroyd,  R.  A.,  and  0.  F.  Anderson,  l9?5,  Nucl.  Instr.  Meth.  Phys.  Res. 
A  2«,  294. 

Holroyd,  R.  A.,  S.  Ehrenson,  and  J.  M.  Preses,  1985,  J.  Phys.  Chem.  89, 
4244.  ~ 


I  Huang,  S.  S.,  and  G.  R.  Freeman,  1977,  Can.  J.  Chem.  55,  1338. 

Hunter,  S.  R.,  J.  G.  Carter,  and  L.  G.  Christophorou,~T988,  Phys.  Rev.  A 
38,  5539. 

I  Kubota,  S.,  T.  Takahashi,  and  J.  Ruangen,  1982,  J.  Phys.  Soc.  Jpn.  51, 

3274.  — 

Kunhardt,  E.  E.,  L.  6.  Chrlstophorou,  and  L.  H.  Luessen,  (Eds.),  1988, 
"The  Liquid  State  and  Its  Electrical  Properties,"  NATO  ASI,  Series 
B,  Vol.  193,  (Plenum  Press),  New  York. 

Lekner,  J.,  1967,  Phys.  Rev.  158,  130. 

Levin,  R.  D.,  and  S.  G.  Lias,  1^82,  "Ionization  Potential  and  Appearance 
Potential  Measurements,  1971-1981,"  U.  S.  Department  of  Commerce, 
NSRDS-NBS-71,  NBS. 

Miller,  L.  S.,  S.  Howe,  and  W.  E.  Spear,  1968,  Phys.  Rev.  166,  871. 
Nakamura,  S.,  Y.  Sakai,  and  H.  Tagashira,  1986,  Chen.  Phys.  Lett.  130, 
551;  Y.  Sakai,  S.  Nakamura,  and  H.  Tagashira,  1985,  IEEE  Trans. 
Electr.  Insul.  EI-20,  133. 

I  Nakato,  Y.,  T.  Chiyoda,  and  H.  Tsubomura,  1974,  Bull.  Chem.  Soc.  Jpn.  47 

3001. 

Onsager,  L.,  1938,  Phys.  Rev.  554. 

Robertson,  A.  G.,  1977,  Austr.  J.  Phys.  30,  39. 

Schmidt,  tf.  F.,  1984,  IEEE  Trans.  Electr.  Insul.  EI-19,  389. 

Shlbamura,  E.,  A.  Hitachi,  T.  Doke,  T.  Takahashi,  S.  Kubota,  and  M. 

Miyajima,  1975,  Nucl.  Instr.  Meth.  131,  249. 

Shibamura,  E.,  T.  Takahashi,  S.  Kubota,  and  T.  Doke,  1979,  Phys.  Rev.  A 
20,  2547. 

SuzukIT  S.,  T.  Doke,  A.  Hitachi,  J.  Kikuchi,  A.  Yunoki,  and  K.  Hasuda, 
1986,  Nucl.  Instr.  Meth.  Phys.  Res.  A  245,  366. 

Yoshino,  K. ,  U.  Sovada,  and  V.  F.  Schmidt,  1976,  Phys.  Rev.  A  14,  438. 


APPENDIX  D 


Proceedings  of  the  10th  International  Confeijnce  on  Conduction 
and  Breakdown  in  Dielectric  Liquids,  Grenoble,  France, 
September 1990,  (P.  Atten,  R.  Tobazeon,  Eds.)  (1990) 

4S4 


DIELECTRIC-LICJUtD  PULSED  POWER  SWITCH* 


L.  C.  Chriscophorou  and  H.  Faidas 

Atomic.  Molecular,  and  High  Voltage  Physics  Croup.  Health  and  Safety  Research 
Division.  Oak  Ridge  National  Laboratory.  Oak  Ridge.  Tennessee  37S31.  and 
Department  of  Physics.  The  University  of  Tennessee.  Knoxville.  Tennessee 
37996 


ABSTRACT 

Room  temperature  fast  dielectric  liquids  with  electron  conduction  bands 
(Vq  <  0  eV;  e.g..  neopentane,  tetramethylsilane.  R.Z.-l.-l-tetraMthylpentane 
and  their  mixtures)  are  electrical ly-actlve  Insulators  and  have  potential  as 
controlled  conduction  media  in  pulsed  power  switching  devices.  A  concept  for 
a  dielectric-liquid  pulsed  power  switch  eag>loylng  flash  lamps  is  outlined. 

IffTRODOCriON 

A  niwber  of  new  concepts  and  materials  have  been  proposed  for  various 
types  of  opening  and  closing  pulsed  power  switches.  Some  utilize  dielectric 
gases  as  switching  media,  and  others  enploy  semiconductor  wafers  [Ref.  I: 
Fig.  1,  paths  1  and  2).  A  salient  feature  of  these  devices  is  that  a  laser  or 
an  electron  beam  is  employed  to  ionize  the  switching  medium  to  initiate  and/or 
to  sustain  a  current  flow  through  the  switidi  (i.e.,  to  close  the  switch)  which 
is  otherwise  open  due  to  the  very  high  resistance  of  the  switching  medium  in 
the  absence  of  the  ionizing  energy.  While  optimization  of  the  materials  and 
the  porameters  of  operation  of  this  type  of  switches  may  further  improve  their 
performance,  there  is  a  continuing  need  to  develop  a  switching  medium  that  can 
be  mode  conducting  with  a  conventional  energy  source  and  a  switch  which  is 
easily  manufactured  and  maintained. 

In  this  paper,  we  explore^  the  possibility  of  using  a  dielectric  liquid 
as  the  switching  medium  in  pulsed  power  generation  and  especially  the 
possibility  of  switching  a  good  dielectric  liquid  to  a  good  conductor  by 
photo-injecting  excess  electrons  Into  it  usit^  a  flash  lamp  (Fig.  1.  path  3). 


^Research  sponsored  by  the  Office  of  Health  and  Environmental  Research.  U.S. 
Department  of  Energy  under  Contract  OE-A0ae-840R21400  with  Martin  Marietta 
E'larer  Systems.  Inc.,  and  by  the  Office  of  Naval  Research  under  Contract 
NO0OM-8^J-199O  with  the  University  of  Tennessee. 


DIELECTRIC  LIQUIDS  AS  ELECTRICAL  INSULATORS  AND  AS  CONDUCTORS  OF  EXCESS 

ELECTRONS 

In  Fig.  2  are  shown  recent  aeasureaencs^  of  the  electron  drift  velocity, 

w,  for  letraieeihylsllane  (TKS).  tetraaethyitin  (TNT).  2.2,-l,-(-tetraiiiethyl- 

pencane  (TNP)  and  neopentane  (TNC).  and  In  Tabie  1  are  iisted  values,  of 

w  at  the  highest.  E  ,  electric  field  esqtloyed  in  Ref.  3  for  the  neat  liquids 
WfIX 

and  some  of  their  Bixtures,  along  with  the  Vq  values*  for  the  neat  liquids. 
Clearly,  such  liquids  are — In  the  absence  of  electronegative  iapurlties — good 
conductors  of  excess  electrons  for  reasonable  values  of  E:  they  are  also  good 
electrical  insulators,  withstanding  £  >  2  x  10*  V  ca*‘.  It  should  be  noted, 
however,  that  soote  of  these  liquids  nay  be  unsuitable  for  this  particular 
application  for  other  reasons:  for  exasiple.  THT  was  found^  to  extensively 
decoapose  in  the  event  of  electrical  breakdown. 

The  photo-injection  of  excess  electrons  in  the  liquid  can  be  accomplished 
by  the  use  of  conventional  pulsed  light  sources.  The  work  function  at  E  =  0, 
Q.  of  a  metal  immersed  in  dielectric  liquids  with  Vg  <  0  eV  is  lowered  from 
its  vacuum  value.  *y:  0  *  *L  *  ^  ^  function  is  lowered 

further  by  an  amount  dW  so  that  ^  *V  ^0  towers  the  minimum 

photon  energy  to  eject  an  electron  from  a  metal  surface  into  the  liquid*'*  and 
conveniently  locates  it  in  the  optical  spectrum  of  many  flash  lamps.  For 
example,  for  Zn  in  TKS.  ^  3.12  cV  (corresponding  to  a  threshold 

wavelength  X  =  «00  A:  E  >  10*'  V  cm'*)  and  for  Ba  in  TKS.  £  >  1.77  eV  [X  = 
7000  A;  E  w  7  X  10*  V  cm*'  (Ref.  5)].  For  a  fixed  E.  the  photoelectron  yield 
increases*  rapidly  with  increasing  photon  energy  ho  above  ^  and  tends 
toward  saturation  when  hu  =  ^  -v  (I  to  2)  eV. 

It  is.  therefore,  possible  to  employ  conventional  pulsed-llght  sources  to 
inject  large  numbers  of  excess  electrons  In  dielectric  liquids  with  negative 
Vg.  especially  when  hu  -  ^  >  2  eV  and  £  is  large,  since  a  large  fraction  of 

the  electrons  injected  at  the  metal/liquld  interface  returns  to  the  cathode 
especially  at  low  E. 

DIELECTRIC  LIQUID  PULSED  POVEX  SWITOl 

In  Fig.  3  a  schematic  of  such  a  switch  is  depicted  for  the  case  of 
inductive  energy  storage.  Its  main  features  are:  (1)  a  dielectric  liquid  as 
the  switching  medium,  (2)  a  light  pulse  as  the  ionization  source,  and  (3)  a 
metallic  (or  semiconducting)  film  as  the  photocmissive  material.  The 
dielectric  liquid  can  be  one  of  the  liquids  mentioned  above.  The  light  source 
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Table  1=  Mole  Fraction,  and  for  Fast  Liquids/Nixtures[3]. 


Liquid/Mixture 

Hole 

Fraction 

w 

nax 

(10‘  ca  s'*) 

(10^  V*^n") 

(eV) 

TMS 

Neac 

7.2 

125 

-0.62 

TUT 

Neat 

6.0 

75 

-0.75 

TMC 

Neat 

3.3 

117 

-0.43 

TMP 

Neat 

2.6 

US 

-0.36 

TMS/TMP 

1.31/1 

3.2 

105 

. 

TMS/n-pen  tone 

102/1 

6.8 

106 

- 

TMS/n-pen  tone 

17/1 

6.8 

145 

- 

THS/n-pen  tone 

5.6/1 

4.9 

145 

“Ref.  C4]. 

considered  is  a  gas-filled  flash  lai^>  of  appropriate  geonetry  generating  a  UV 
light  pulse  of  the  desired  intensity  end  duration  deterained  by  its  design, 
gas  selection  and  gas  pressure. “  The  laaq>'s  envelope  can  be  eade  of  a  UV 
transaicting  sacerial  coated  *ith  aetallic  or  seaiconducting  flla  and  serve  as 
the  cathode  and  the  electron  injecting  eaterial.  By  proper  optiaizatlon  of 
the  thickness  and  cosgioaition  of  the  coating  saterisl  one  csui  eaxlalze  the 
photoelectron  yield,  alniaize  light  transaission.  and  achieve  good  electrical 
conductivity  and  stability. 

Opening  switches  for  inductive  energy  storage  noraally  require  closing 
("ON''}  tisas  in  the  ps  to  as  range  and  opening  tisws  <  50  to  100  ns.  Since 
the  electron  drift  tines,  d/v  where  d  Is  the  drift  distance,  are  of  the  order 
of  ns.  the  switch  opening  tine  will  be  deterained  by  the  fail  tine  of  the 
light  puise.  Whiie  nony  flash  lamps,  such  as  Xe  flash  lasips,  can  generate  kj 
light  pulses  of  ps  to  ns  duration,  the  fall  tines  of  these  pulses — at  least 
for  their  UV  part—nust  be  short.  —  100  ns.  for  those  applications  requiring 
short  and  large  amplitude  loud  pulses.  (Nanosecond  flash  lumps  noraally 
generate  aj  pulses).  Preliminary  calculations  indicate  that  conduction 
currents  due  to  excess  electrons  in  the  IcA  range  are  achievable  with 
reasonable  efficiencies.  A  dielectric  liquid  pulsed  power  switch  can  be 
cheap,  can  carry  high  currents  and  can  sustain  high  voltages;  it  can  be  more 
efficient  (compared  to  laser  or  e-bean),  nore  stable  (conpared  to  solid  state 
or  gas),  and  sure  compact  (coopered  to  gas). 


Ftg.  3:  Schefflacic 
iiia;raa  ot  the 
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Whila  further  studies  are  needed  to  establish  the  full  potential  (and 
llBltatlons)  of  dielectric  liquids  In  pulsed  poser  ssltchliv.  fast  liquid 
conducting  and  insulating  eiedla  appear  to  bo  powerful  new  pulscd-power 
switching  aaterlals. 
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ABSTRACT 

The  interfacing  of  the  gaseous  and  the  condensed  phases  of  matter  as  effected  by 
interphase  and  cluster  studies  on  the  behavior  of  key  reactions  involving  slow  electrons  either 
as  reacting  initial  particles  or  as  products  of  the  reactions  themselves  is  discussed.  Emphasis 
is  placed  on  the  measurement  of  both  the  cross  sections  and  the  energetics  involved,  although 
most  of  the  available  information  to  date  is  on  the  latter.  The  discussion  is  selectively 
focussed  on  electron  scattering  (especially  the  role  of  negative  ion  states  in  gases,  clusters, 
and  dense  matter),  ionization,  electron  attachment  and  photodetachment.  The  dominant  role 
of  the  electric  polarization  of  the  medium  is  emphasized. 

INTRODUCTION 

Interphase  and  Cluster  Studies 

The  interfacing  of  the  gaseous  and  the  condensed  phases  of  matter  requires 
multidisciplinary  and  systematic  investigations  as  to  how  the  microscopic  and  the 
macroscopic  properties  of  materials  and  the  elementary  processes  involving  electrons, 
photons,  ions,  and  neutral  particles  change  as  one  makes  the  transition  from  a  low  pressure 
gas  (isolated-particle  behavior)  to  the  condensed  phase.  There  have  been  two  complementary 
approaches  in  this  endeavor:  (i)  interpha.se  phvsics/chemistrv  and  (ii)  clusters.  In  the  former 
approach,  a  given  reaction  (or  property)  is  studied  as  a  function  of  the  density  and  the  nature 
of  the  medium  in  which  it  occurs  from  the  low-pressure  gas  to  the  liquid  or  the  solid. 
Actually,  traditionally  such  studies  begin  at  either  end  of  the  density  range:  from  the  liquid 
(solid)  density  to  progressively  lower  densities  and  from  a  low  density  gas  (binary  collisions) 
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to  progressively  higher  densities  (multiple  scattering  regime),  and  to  the  condensed  phase. 
Both  bridge  the  density  gap  between  low  pressure  gases  and  condensed  matter  (e.g.,  see 
Refs.  1-5  and  references  therein).  In  the  latter  approach,  the  properues  and  reactions  of  a 
given  species  (atom  or  molecule)  are  studied  as  a  function  of  its  size  (increased  gradually 
by  clustering),  cluster^  shape  and  cluster  composition.  A  unique  feature  of  clusters  is  that 
they  allow  studies  of  the  transition  from  large  finite  clusters  to  the  bulk  and  thus 
determination  of  the  minimum  cluster  size  beyond  which  the  cluster  properties  no  longer 
vary  with  size  but  are  essentially  similar  to  those  of  a  macroscopic  sample  of  the  material 
(e.g.,  see  Ref.  6  (and  references  cited  therein)  and  Refs.  7-12). 

Why  Slow  Electrons? 

Slow  electrons  are  abundant  and  reactive  species  in  ail  phases  of  matter'^.  They  are 
generated  in  gaseous  and  condensed  matter  by  a  multiplicity  of  mechanisms;  energy  transfer 
from  high-energy  particles  to  atoms  and  molecules;  absorption  of  light  by  neuu^  or 
negative  ions;  collisions  of  excited  and  unexcited  atoms,  negative  ions  with  neutrals, 
electrons  with  neutrals  or  ions;  injection  from  surfaces.  They  lose  their  energy  and  slow¬ 
down  in  matter  in  elastic  and  a  multiplicity  of  inelastic  collisions'^.  They  interact  before 
they  are  thermalized  (i.e.,  during  their  slowing  down)  and  also  after  they  have  reached 
thermal  equilibrium  or  steady-state  conditions  (when  an  applied  electric  field  E  is 
superimposed  on  the  medium).  This  distinction  is  significant  since  the  interactions  of  slow 
electrons  in  a  dense  medium  depend  on  the  "state”  of  the  electron  itself. 

For  a  low-pressure  gas.  the  electrons  are  normally  free  and  the  collision  (interaction) 
mean  free  path  I  is  much  longer  than  the  electron  de-Broglie  wavelength.  In  a  dense  medium 
(high  pressure  gas,  liquid  or  solid)  1  is  smaller  than  the  de-Broglie  wavelength  and  as  the 
medium  density  increases  the  electrons  become  localized  or  delocalized  into  conduction 
bands.  In  the  former  case,  their  mobilities  are  low  and  their  kinetic  energies  are  thermal  and 
in  the  latter  case  their  mobilities  are  high  and  their  kinetic  energies  (under  an  applied  electric 
field)  can  exceed  considerably  thermal  energies*. 

The  reactions  of  slow  electrons  in  dense  matter  often  differ  greatly  from  those  in  a  low- 
pressure  gas.  They  are  unique  in  that  they  help  us  unravel  the  structure  of  atoms  and 
molecules,  probe  the  structu^  and  dynamical  changes  with  the  density  and  the  nature  of 
matter,  and  quantify  the  energetics  and  dynamics  of  basic  reactions  in  matter. 

This  Lecture 

In  this  lecture  we  discuss  the  behavior  of  key  reactions-as  studied  by  interphase  and 
cluster  researches— involving  slow  electrons  either  as  reacting  initial  panicles  or  as  products 
of  the  interactions  themselves.  We  emphasize  measurement  of  both  cross  sections  and 
energetics,  although  most  of  the  available  information  to  date  is  on  the  latter.  We  selectively 
focus  on  electron  scattering  (especially  the  role  of  negative  ion  states  in  gases,  clusters,  and 
dense  matter),  ionization,  electron  attachment  and  photodetachment  and  emphasize  the 
dominant  role  of  the  electric  polarization  of  the  medium  on  the  reaction  energetics.  The 
comparison  between  the  gaseous  and  the  liquid  phase  measurements  is  restricted  to  dielectric 


^Nonnally  Uie  term  cluster  is  used  to  desenbe  finiie  aggregates  of  2  to  10*  panicles  (atoms  or  molecules). 


liquids  with  conduction  bands’  where  the  excess  electrons  are  quasi-free-not  localized  as, 
say,  in  polar  media-and  the  connection  between  the  electron  behavior  in  the  two  phases  is 
more  apparent.  Finally,  the  general  nature  of  this  lecture  unavoidably  touches  on  aspects  of 
the  theme  of  this  meeting  that  will  be  covered  by  suosequent  lecturers.  We  hope  that  it  will 
enhance  the  value  of  and  the  anticipation  for  these  upcoming  and  in-depth  lectures. 

DIRECT  AND  INDIRECT  ELECTRON  COLLISIONS 

Slow  electrons  lose  their  energy  and  slow  down  in  matter  in  elastic  and  (a  multiplicity 
of)  inelastic  collisions.  Such  collisions  are  either  direct  or  indirect  (Fig.  I).  In  a  direct  - 
glancing  -  collision  the  electron  is  scattered  at  a  distance  from  the  target,  the  duration  of  the 
collision  is  short,  and  the  cross  section  for  the  collision-whether  elastic  or  inelastic— is 
appreciable  over  a  broad  range  of  incident  electron  energies.  In  contrast,  in  indirect 
collisions  the  electron  is  temporarily  captured  by  the  target  forming  a  transient  anion  whose  , 

e" 
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Figure  I.  Schematic  pictures  depicting  direct  and  indirect  electron-molecule  collisions;  M  ‘  indicates  a 
transient  negative  ion  with  excess  energy  denoted  by  the  asterisk. 


These  are  dense  media  whose  V,  <  0  eV;  V,  is  the  energy  of  the  excess  electron  at  the  bottom  of  the 
conducUon  band.  It  is  defined  as  V,  =  W^,-  W,„  where  W^,  and  are,  respectively,  the  work  functions  of 
a  metal  immersed  in  the  dense  medium  and  in  vacuum. 


lifetime  can  vary  from  -  10  ‘’  to  >  10’ s  (Refs.  13-15).  Such  collisions  are  resonant,  i.e.,  they 
occur  over  a  limited  energy  range-where  empty  orbitals  exist  for  elecuons  to  enter  into  and 
be  temporarily  retained.  Subsequent  to  its  formation  the  transient  anion  M  *  is  destructed  by 
autodetachment  (i.e.,  indirect  elastic  or  inelastic  electron  scattering)  or  by  "permanent* 
negative  ion  formation:  fragment  anions  by  dissociation  and  parent  anions  by  stabilization. 
These  processes  are  of  general  occurrence  in  nature.  An  example  of  an  indirect  collision 
leading  only  to  elastic  and  inelastic  scattering  is  shown  in  Fig.  2  for  N,  (no  permanent  Nj' 
or  N'  ions  are  formed  since  the  electron  affinities  of  Nj  and  N  are  negative).  The 
pronounced  peak  in  the  momentum  transfer  cross  section  and  in  the  total  vibrational  cross 
section  at  -  2.3  eV-pointed  to  by  the  arrows  in  Fig.  2--is  due,  respectively,  to  the  elastic  and 
the  inelastic  scattering  of  electrons  via  the  decay  of  the  transient  anion  Nj"  formed  by  the 
temporary  capture  by  Nj  molecules  of  -  2.3  eV  electrons.  Examples  of  the  formation  of 
"permanent"  fragment  negative  ions  via  indirect  (resonant)  collisions  are  shown  in  Fig.  3. 
Clearly,  these  negative  ion  resonances  occur  abundantly  in  the  energy  range  below  -  20  eV 
and  their  cross  sections  increase  as  their  energy  positions  are  lowered. 
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Figure  2.  Cross  sections  for  vanous  electron  scauenng  processes  in  N,  as  a  funcuon  of  electron  energy 
(see  the  text)  (based  on  Fig.  51  of  Ref.  14.  Vol.  1.  p.  194). 


Figure  3.  Oixsociaiive  electron  aiiaclunent  cross  sections  as  a  function  of  electron  energy  for  a  number  of 
molecules  (from  Ref.  14,  Vol.  1.  p.  559). 

Indirect  collisions  forming  transient  anions  occur  in  condensed  matter  as  well,  but  as  we 
shall  see  their  "isolated  species"  properties,  energetics,  and  effects  on  other  processes 
involving  slow  electrons  are  modified  in  dense  matter  by  the  nature  and  the  density  of  the 
medium  in  which  they  occur.  We  shall  try  to  understand  some  of  these  changes  by 
considering  knowledge  from  selected  investigations  on  condensed  phase  and  clusters. 

ELECTRON  SCATTERING 

In  Table  1  are  listed  examples  of  the  effects  of  phase  on  various  electron  energy  loss 
processes  and  cross  sections  (see  also  Refs.  16.17).  Let  us  illustrate  some  of  these  by 
examining  the  effect  of  phase  on  the  differential  oscillator  strength  distribution /(e)  of  water 
shown  in  Fig.  4.  Clearly  one  sees  a  general  loss  of  structure  and  a  shift  of /(e)  to  higher 
energies  in  going  from  the  vapor  to  the  condensed  phase.  Interestingly,  the  main  difference 
is  between  the  vapor  and  the  condensed  matter  and  not  between  the  various  (liquid, 
hexagonal  ice.  amorphous  ice)  of  the  latter.  These  phase  effects  seem  to^duninish  wi* 
excitation  energy.  Important  as  this  information  is.  it  is  still  largely  indirect  and  limited. 
It  should  be  noted  in  this  connection  that  total  inelastic  cross  sections  estimated  for  slow 
(1-20  eV)  electron  scattering  in  amorphous  ice  compare  in  magnitude  (they  are.  actually. 


Table  1.  Examples  of  Condensed  Phase  Effects  on  the  Oscillator  Strength  Spectrum 

Shift  of  oscillator  strength  to  higher  energies  (occurs  over  wide  ranges  of  excitation  energy) 

Excitation  of  special  modes  of  motion  (piasmons  in  metals  and  excitons  in  molecular  and 
ionic  crystals;  occur  at  specific  energies) 

fntermolecular  vibrations  (vibrational  and  translational  phonons) 

High  Rydberg  states  (normally  absent) 

Negative  Ion  Resonances  (exist  as  in  single  molecules  but  perturbed  by  the  medium.  e.g.. 
their  symmetries,  lifetimes,  selection  rules,  energetics) 

Ejected  electrons  undergo  further  interactions 

Scattering  affected  by  correlation  (medium  structure)  effects,  nuclear/electronic  excitation 
mode  coupling,  screening  of  interaction  potential 

Dissociation  processes  influenced  by  fast  r  jiailr  p>  s  transitions  and  changes  in  energetics 


slightly  larger)  and  general  trend  with  gas  phase  data  (see  discussion  in  Ref.  20);  this 
conclusion,  however,  requres  further  scrutiny. 

Let  us  now  look  at  a  system,  namely  xenon,  for  which  scattering  cross  sccUc.-s  for  slow 


electrons  are  well-known  in  the  gas 


and  electron  drift  velocities  as  a  function  of  the 


density,  N,  reduced  electric  field  E,  E/N.  have  been  measured  in  the  low  pressure  gas’^  *^’^*, 
the  high  pressure  gas''“.  the  liquid^*^.  and  the  solid^-^.  From  the  liquid  phase  electron 
transpon  data  Sakai  et  al.^^  deduced  two  types  of  scattering  cross  sections,  namely. 


a  cross  section  for  elastic  enerov 
independent  of  the  liquid  structure) 


(energy  transfer  to  acoustic  phonons  which  is 


j*  (1-cos  6)  o(t,0)  sin  0  £f0. 


and  a  cross  section  for  elastic  mi 
through  the  structure  factor  S(K) 


which  depends  on  the  liquid  structure 


o,  (e)  =  2ii  J  (1-cos  0)  o(t,0)  S(A0  sin  0  tf0 


where  a(e.d)  is  the  differential  scattering  cross  section.  6  is  the  scattering  angle  and  e  is  the 
electron  energy.  These  are  compared  with  the  low-pressure  gas  momentum  transfer  cross 
section  o„  in  Fig.  5.  Both  a,(e)  and  o,(e)  exhibit  a  displaced  and  shallower  (relative  to  the 
low  pressure  gas)  Ramsauer-Townsend  minimum  and  are  much  lower  in  magnitude  than 
o.(e)  especially  at  low  e.  As  e  increases.  S(K)  1  and  the  gas  and  liquid  cross  sections 
converge.  A  quantitative  determination  of  the  scattering  cross  section  in  the  liquid  is  still 
lacking  although  the  lowering  of  its  magnitude  in  the  condensed  phase  clearly  is  due  to  the 
screening  of  the  scattering  potential  by  the  medium. 

The  indicated  changes  in  the  energy  dependence  and  the  magnitude  of  the  scattering 
cross  section  in  going  from  the  low-pressure  gas  to  the  liquid  explain  nicely  the  much  higher 
dnft  velocities,  w.  of  slow  electrons  in  gaseous  compared  to  liquid  xenon  (Fig.  6).  At  a 
fixed  E/N\ihe  w(E/N)  of  slow  electrons  in  solid  xenon  are  about  twice  those  in  liquid 
xenon".  While  this  is  consistent  with  the  lower  values  of  the  total  electron  scattering  cross 
secUon  in  solid  xenon  (o.)  deduced  by  Bader  et  al.*’  (Fig,  7).  the  behavior  of  a,  (Fig  7)  is 
different  at  high  energy  from  that  of  a,  or  o.  (Fig.  5)  in  the  liquid,  probably  indicating 
different  scattering  processes. 

A  behavior  similar  to  that  in  xenon  has  been  reported**  for  the  w(E/N)  of  room 
temperature  liquids  with  conduction  bands  [eg.  see.  Fig.  8]*. 
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Figure  S.  Cross  secUons  o,(e)  and  a, it)  for  liquid  xenon  and  ajt)  for  gaseous  xenon  (see  die  text  and 
Refs.  3  and  24V 
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Figure  6.  Electron  drift  velocity  w  as  a  function  of  E/N  for  liquid^^  and  gaseous'*  Xe  at  the  indicated 
temperatures. 


The  cross  sections  in  Ftgs.  5  and  7  are  due  to  direct  electron  scattering.  In  condensed 
matter-as  in  low  pressure  gases— indirect  scattering  of  slow  electrons  occurs  abundantly.  It 
manifests  itself  through  a  strong  enhancement  in  the  scattering  cross  section  over  limited 
energy  regions  where  the  negative  ion  states  (NISs)  are  located.  A  prototypical  example  is 
"shown  in  Fig.  9  for  solid  films  of  N,.  The  cross  section  function  for  excitation  of  the  Nj 
molecule  in  solid  N,  films  in  the  first  (v  =  1)  vibrational  level  via  its  lowest,  N,  (^11^), 
negative  ion  state  has— as  in  the  isolated-molecule  case— distinct  structure  which  originates 
from  the  vibrational  levels  of  the  transient  Nj'  (^flj)  state.  The  position  T  the  first  peak  in 
Fig.  9  (first  broken  vertical  line)  lies  -  0.7  eV  lower  than  the  corresponding  position  in  the 
low  pressure  gas  (first  solid  vertical  line  in  Fig.  9).  This  lowering  of  the  energy  position  of 
the  Nj’  (’n,)  state  is  a  general  characteristic  of  the  changes  in  the  energetics  of  the  NISs  of 
atoms  and  molecules  embedded  in  dense  matter  and  is  due  to  the  polarization  of  the  medium 
which  surrounds  the  temporarily  localized  electron  on  the  molecule.  The  cross  section 
functions  for  excitation  of  N,  in  the  v  =  2,  3,  etc.  levels  exhibit  similar  behavior  . 
Interestingly,  however,  while  in  the  solid— as  in  the  isolated  molecule—ihe  vibration^ 
excitation  increased  by  —  2  orders  of  magnitude  in  the  region  of  the  resonance,  Sanche  et  al. 
observed  no  such  enhancement  in  the  elastic  scattering  channel  in  the  N,  solid  film.  This 
is  in  sharp  contrast  to  the  gas  where  indirect  elastic  electron  scattering  is  profoundly 
enhanced.  The  formation  of  the  NTS  in  the  condensed  phase-as  in  gases-is  localized  in 
space  and  is  dominated  by  the  short-range  forces.  For  this  reason  in  the  solid-as  in  the  gas- 
the  formation  of  a  NIS  leads  to  intramolecular  changes  that  enhance  excitation  of  individual 
vibrational  levels  of  the  molecular  constituents.  The  decay  of  the  NIS  in  the  condensed 
phase,  however,  should  differ  from  that  in  the  gas  because  it  is  affected  by  the  medium  due 
to  polarization.  The  iniermolecular  changes  lead  to  continuous  accoustic  excitations 
(phonons)  which  in  essence  replace  the  (low  pressure)  elastic  scattering.  This  process  is  very 
probable  due  to  the  large  number  of  such  low  frequency  vibrations  (see  Refs.  2.16,17,28.  and 
29).  U,  thus,  seems  that  the  formation  of  negative  ion  states  in  dense  matter  enhances 
intramolecular  vibrational  excitation  and  jntermolecular  excitation  of  phonon  modes  of  the 
lattice.  A  theoretical  understanding  of  slow  electron  interactions  in  condensed  mauer  in  a 
manner  analogous  to  gases,  is,  however,  still  lacking. 


The  electrons  that  have  been  slowed  down  via  the  NISs  cause  (see  later)  profound 
changes  in  the  observed  electron  attachment  properties  of  molecules  in  dense  matter  and  in 

clusters. 
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FIgun  9.  Relative  cross  section  for  indirect  scattering  of  slow  electrons  via  the  N,'*  (’ll,)  negative  kn 
Slate  of  N]  in  solid  Nj  ftltn  leaving  N,  excited  in  the  v  «  1  vibrational  level.  Note  that  the  positioo  of  the 
first  peak  in  the  cross  section  function  for  the  solid  lies  -  0.7  eV  lower  than  for  the  corresponding  gas  (see 
the  text)  (based  on  Fig.  13b  in  Ref.  16). 


IONI2ATION  IN  DENSE  MATTER  AND  IN  CLUSTERS 
Electron  Impact  Ionization 

Inspite  of  iw  basic  and  appUed  significance,  there  appears  to  be  no  direct  measurement 
ot  the  electron  impact  lonizaUon  cross  section  as  a  function  of  the  electron  energy  a  (e)  for 
any  systet^  There  is.  however,  some  limited  informaUon  on  the  effective  ionization  cross 
section  of  H,  in  H,  clusters  as  a  function  of  the  cluster  size  (Fig.  10)  which  indicates  that  the 
for  closely  packed  wd  interacting  H,  molecules  is  smaller  than  that  for  the  isolated 
Hi  molecules  .  There  exists,  also,  some  indirect  information  on  media  with  V,  <  0  eV  such 
as  xenon.  For  this  medium  the  electron  impact  ionization  coefficient  a(E/N)  does  not  scale 
with  the  density  N  in  going  from  the  gas  to  the  Uquid”.  In  Table  2  are  compared:  the  total 
electron  yield  G,  (e.y.x)  for  electrons,  y-rays  and  x-rays;  the  energy  to  produce  an  electron- 
ion  pair  for  p  particles.  W,;  and  the  ionization  threshold  energy  for  the  low  pressure  gas. 
lo.  Md  the  hquid  r^.  The  lowering  of  Wj  (increase  in  GJ  for  the  liquid  can  be  attributed 
to  the  lowering  of  I  m  the  liquid  compared  to  the  gas  (see  below).  Due  to  the  lower  I, 

clecttonic  states  that  would  have  led  to  inelastic  scattering  in  the  gas  lead  to  ionization  in  the 
liquid. 
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Figure  10.  Effective  electron  impact  ionization  cross  section  of  cluster  beams  of  H.  as  a  function  of  the 
mean  cluster  size  N  for  500  eV.  The  solid  point  shows  the  value.  o„  of  the  cross  section  for  uncondensed 
Hj  at  the  same  electron  energy”*.  . 


Table  2.  Comparison  of  {e.Y,x).  W^and  I  for  gaseous  and  liquid  xenon* 


Quantity 

Uouid 

Gas 

GJe.Y.x) 

6.4 

4.6  (electrons/100  eV) 

w, 

-16 

21.9  (eV/i.p.) 

I 

-9.0 

12.13  eV 

‘See  the  text  and  Ref.  1. 

Single  and  Muitipholon  Ionization  of  Molecules  in  Fluids 

Here  again  absolute  cross  section  measurements  are  scarccd.  However,  many  studies  on 
pure  liquids  and  solutions  quantified  the  effect  of  the  medium  on  the  energetics  of  the 
reaction 

Mf.  *  nhv  (nzl)  -  Af/  + 


where  F  stands  for  the  tluid  medium  in  which  the  molecule  M  is  embedded  and  the  reaction 
takes  place.  If  we  neglect  die  small  broadening  of  the  valence  electron  levels  in  the  fluid 
due  to  condensation,  for  liquids  [F  =  L)  the  measurements  showed' that 


In  Eq.  (4),  P*  is  the  polarization  energy  of  the  positive  ion  Mp*  and  is  normally  represented 
by  the  Bom  expression 

'■■  ■  -  s  “  -  f  >  ® 

opt 

where  R  is  the  effective  radius  of  the  positive  ion  cavity  and  is  the  optical  dielectric 
constant  of  the  medium.  For  a  number  of  organic  molecules  in  nonpolar  liquids^.  Il  -  Iq  (- 
Vo  +  P*)  -  - 1  to  -3  eV  and  <R>  -  2.7  A.  A  major  uncertainty  in  the  determination  of  P* 
remains  the  lack  of  accurate  knowledge  of  R. 

The  validity  of  (4)  can  indeed  be  seen  from  measurements  (see  Ref.  34.  Table  3)  of 
of  a  certain  molecule  (azulene)  in  a  number  of  dielectric  liquids  with  different  V.  values. 
Since  in  this  case  we  are  dealing  with  the  same  positive  ion,  P'  may  be  regarded  as  constant 
for  these  nonpolar  liquids  and,  hence,  the  Ij,  should  correlate  with  the  V.  of  the  liquids. 
Indeed,  the  linear  dependence  of  It,  on  V,  implied  under  such  conditions  by  Eq.  (4)  is 
exhibited  by  the  measurements  in  Table  3  (see  Fig.  1 1). 

Table  3;  It,  and  I^  for  Azulene  in  Dielecuic  Liquids  With  Various  V,  Values^^ 


Liquid 

Uevi 

IcIfiY) 

YisVl 

Tetramethyltin  (TMT)' 

5.33 

7.42 

-0.75 

Tetramethylsilane  (TMS)‘ 

5.45 

-0.55 

2,2,4,4-Tetramethylpentane  (TMP)‘ 

5.70 

-0.36 

n-Pentane  (n-Pt)‘ 

6.12 

+0.01 

n-Tridecane 

6.28 

+0.21 

‘Abbreviations  used  in  Fig.  11. 

Similarly,  for  a  fluid  of  number  density  N  the  ionization  threshold.  If(N).  of  a  molecule 
(atom)  embedded  in  the  fluid  has  been  found  (e.g..  Refs.  3S,36)  to  be  related  to  its  isolated' 
molecule  value.  Iq.  by 


Figure  11.  vs  V,  for  (be  azulene  molecule.  M.  ionized  by  two  photon  absorption  (2  hu  -f  M,,*  ■¥ 
ej  in  a  number  of  nonpolar  liquids  (Ref.  34;  see  Table  3). 


VW)  ‘Ig*  pm*  V,{N) 

/'t^i^-dependence  of  P*  and  V,;  the  N-dependence  of  P*  is  dominated  by  the  N-depcndence 
of  while  the  N-dcpendence  of  V,  is  more  complicated.  The  t^culated 

in  a  few  cases  using  the  Springett,  Jortner,  and  Cohen  (SJC)  model  .  In  Hg.  12  is  plotted 
the  Ip  of  the  molecule  TMPD  (N.N.N’.N’-tetramethyl-p-phenylenediMine)  in  ethane  as  a 
function  of  the  ethane  density  p(M//)  from  the  dilute  gas  to  the  liquid.  The  effi^  of 
increasing  medium  density  on  Ip  is  a  continuous  gradual  decrease  and  a  smooth  transition  to 
the  liquid.  The  solid  lines  represent  the  dependence  of  Ip  on  N  for  the  indicated  values  of 
the  "hard  cote"  radius  <a>  as  predicted  by  the  SJC  modeL  ... 

From  the  experimental  investigations  to  date  it  appears  that  the  energetics  of  ionizabon 
in  dense  matter  are  modified  from  their  values  in  dilute  gases  by  the  charge  induced  medium 
polarization  energies.  The  energetics  of  the  process  for  nonpolar  fluids  is  reasonably  well 
understood  and  needs  to  the  extended  to  polar  media. 

Photoionization  Energetics  in  Clusters 

Many  studies  have  been  devoted  recently  to  this  topic  and  subsequent  lectures  will  d^ 
with  the  subject  in  more  detail  Here  we  merely  lay  down  a  few  aspects  of  the  energedcs 
of  the  process  as  a  background  for  the  other  lectures  and,  also,  to  integrate  our  dixussion 
on  the  kind  of  knowledge  obtained  by  ihe  two  complementary  approaches ^we  mentioned  in 
the  Introduction.  Let  us  first  refer  to  Fig.  13  which  shows  schematically  the  dependence 
on  the  cluster  size  of  a  cluster  property  x(n);  n  is  the  number  of  the  cluster  constitutents.  For 
small  n.  x(n)  exhibits  specific  cluster  size  effects  (e.g.,  shell  closure  effects).  For  large  n, 
Jomuier*  expressed  x<n)  as 


Figure  12.  Ionization  threshold  of  TMPD  (N.N.N’N’-tetramcihyl-p-pbenylenediamine)  in  ethane  as  a 
function  of  the  ethane  density  from  a  dilute  gas  to  the  liquid  at  the  indicated  temperatures.  The  data  points 
■  are  measurements  made  in  liquid  ethane  at  29S  K.  The  solid  lines  represent  the  dependence  of  1^  on  N 
for  the  indicated  values  of  the  "hard  core"  radius  <S>  as  predicted  by  the  Springett-Jortner-Cohen  (SJO 
model””. 


Jr(rt)  =  x(-)  ^ 

namely,  in  terras  of  the  corresponding  bulk  value  x(o«)  and  a  correction  term  An®  (0  5  ps 
1)  which  accounts  for  the  modification  of  the  bulk  value  in  the  cluster  due  to  the  excluded 
volume"  outside  of  it.  Expressing  Eq.  (7)  in  terms  of  the  cluster  radius  R*  (taken  equal  to 
R„n‘'’  where  R,  is  the  effective  single  particle  radius  determined  from  the  molecular  (atomic) 
volume  using  the  bulk  medium  density)  we  have 


X(^c)  =  X(*) 

This  "cluster-size  equation"  attempts  to  provide  a  quantitative  description  of  the  smooth 
cluster  size  dependence  of  x(n)  for  large  clusters  and  it  interpolates  to  the  corresponding  bulk 
value  x(.oo)  in  much  the  same  way  as  Eqs.  (4)  and  (6)  we  have  discussed  earlier. 

Let  us  apply  (7)  and  (8)  to  the  case  of  the  ionization  potential  Un)  of  clusters.  We  can 

write 


;(n)  =  *  P\R,)  =  *  C(R,)  =  /(»)  *  C(R^) 

where  I.  is  the  ionization  potential  of  the  isolated  species  A.  P"(<>*)  is  the  bulk  polarization 
energy  and  CfR^)  is  the  correction  for  the  finite  cluster  size  (i.e..  the  long-range  electrostauc 
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Figure  13.  Schematic  representation  of  the  cluster  size  dependence  of  a  cluster  property  x(n)  on  the 
number,  n.  of  the  cluster  constituents  (from  Ref.  6;  see  the  text). 


.interaction  of  the  generated  charge  with  the  "e-xcluded  region").  If  we  use  for  C(Rj)  the 
classical  electrostatic  expression  which  gives  the  energy  required  to  remove  an  electron  from 
a  uniformly  conducting  sphere  having  the  same  dimen.>ions  as  the  cluster,  namely, 


C(R^)  =  (e-/2/fp(l  -  1/c^,)  =  {e-/2Rp  (1  -  (10) 


we  have 


m  =  /(-)  *  (e-l2R^  (1  -  l/c,^)n-'^  (11) 

In  Eq.  (11),  K®®)  =  +  P'  (<»)  is  the  bulk  photoelectric  threshold  for  molecular  clusters,  the 

top  of  the  bulk  valence  energy  for  semiconductor  clusters,  or  the  bulk  metal  work  function 
for  metallic  clusters. 

The  validity  of  Eq.  (11)  is  illustrated  in  Fig.  14  for  the  rare  gas  and  mercury  clusters*. 
The  results  of  Rademann  el  al.*  for  mercury  clusters  show  in  addition  the  gradual  transition 
from  van  der  Waals-iype  to  metallic  properties;  on  the  basis  of  their  data  in  Fig.  14  this 
transition  occurs  in  the  cluster  size  range  of  -  70  atoms.  In  cluster  energetics  as  in  interphase 
studies  energetics  a  major  uncertainly  in  applying  relations  such  as  Eqs.  (4),  (5),  and  (II) 
is  the  proper  knowledge  of  R. 
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Figure  14.  Ionization  potenual  (in  eV)  vs  n for  Ar.  Kr.  .Xe.  and  Hg  clusters  (from  Ref.  8)  (see  the  text). 


ELECTRON  ATTACHMENT 

Subsequent  lectures  will— most  assuredly-discuss  the  effect  of  the  state  and  the  nature 
of  the  medium  on  the  attachment  of  slow  electrons  to  molecules.  We,  also,  elaborated  on 
interphase  studies  of  electron  attachment  and  the  relevance  of  electron  attachment  processes 
in  gases  to  those  in  the  condensed  phase  earlier  (e.e..  Refs.  1-3).  We  shall,  thus,  be  brief. 
In  Fig.  15.  the  rate  constant  for  the  dissociative  electron  attachment  reaction 

e  *  Np  -  Np-’  -  O'  *  N,  (12) 

as  measured  in  gaseous  argon,  {k,)^,  and  in  liquid  argon.  {Ic,)^.  is  plotted  as  a  function  of 
respective  values  of  the  mean  electron  energy,  <e>g  in  gaseous  argon  and  <e>L  in  liquid 
argon.  In  spite  of  the  large  uncertainty  in  <e>L,  the  comparison  of  (k,)(;  (<e>Q)  with 
(<e>L)  in  Fig.  15  shows  three  rather  distinct  features:  (i)  the  dissociative  attachment 
resonant  reaction  (12)  occurs  in  liquid  argon  as  it  occurs  in  the  argon  buffer  gas.  (ii)  the 
position  of  the  dissociative  attachment  resonance  shifts  to  lower  energy  as  a  result  of  the 
polarization  of  the  medium  around  the  transient  N.O  *.  and  (iii)  the  rate  constant  for  the 
reaction  is  higher  in  the  liquid  than  in  the  gas  largely  because  of  the  lowering  of  the  energy 
of  the  negative  ion  state. 
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Figure  15.  Electron  attachment  rate  constant  for  N.O  in  gaseous  ((1(;)q)  and  liquid  ((k,)J  argon  plotted  as 
a  function  of  the  respective.  <e>Q  and  <£>|.,  mean  electron  energies  (the  data  for  liquid  argon  arc  from 
Ref.  38). 

Studies  of  electron  aitachmeni  to  molecules  in  clusters  and  in  solid  films  generally 
showed  similar  changes;  the  perturbation  from  the  isolated-molecule  case  of  the  formation 
of  the  transient  anion  and  its  decay  channels  by  the  medium.  Thus,  as  is  shown  in  Fig.  16a, 
the  negative  ion  resonance  that  produces  O'  from  O,  and  peaks  at  -  6.7  eV  in  the  gas  exists 
in  solid  films  of  mixtures  of  0,  in  Ar,  but  it  is  shifted  to  lower  energies  by  -  0.7  eV. 
Additionally,  the  yield  of  O'  from  O,  from  the  solid  shows  (Fig.  16a)-in  contrast  to  the 
isolated  O,  case-enhanced  O'  production  at  -  8  and  -  14  eV.  These  enhancements  ("peaks") 
in  the  O'  yield  have  been  attributed  by  Sanche  and  collaborators  (e.g.,  see  Ref.  16)  to  the 
transitions 


<■  e  -  o;'  (%)  -  O-  *  O  (13) 

and 


£7/2;)  ^  e  -  or  eX)  -0-^0 


(14) 


which  are  symmetry  forbidden  in  the  isolated  molecule  case,  but  become  allowed  in  the  solid 
because  of  the  perturbation  by  the  medium.  Observation  of  O'  via  dissociative  electron 
aiuchment  to  O,  in  O,  clusters  as  a  function  of  cluster  size  showed  similar  evidence.  This 
is  indicated  by  the  enhancement  in  the  O'  yield  around  8  and  14  eV  in  Fig.  16c  with 
increasing  stagnation  pressure  from  1  to  3.5  bar  (the  cluster  size  distribution  increases  with 
increasing  stagnation  pressure). 

From  these  rather  limited  studies  it  can  be  inferred  that  in  going  from  the  gaseous  to  the 
condensed  phase  additional  negative  ion  states  contribute  to  indirect  energy  loss  and 
dissociative  elecuon  attachment  processes. 


Figure  16.  a.  O'  from  O,  in  O,  gas  (upper  curve)  and  OJAi  (l/IO  mixture),  solid  nim. 

b.  Schematic  potential  energy  curves  for  0,(^,')  ( — )  and  O,'  (’flp  ’n,.  ’S.')  ( - ). 

c.  Yield  of  O'  from  O,  clusters  at  1,  2,  and  3.5  bar  stagnauon  pressure  normalized  at  the 
lowest  maximum  to  the  yield  of  O'  from  O,  at  low  pressure  (effusive  —  ).  (a  and  b  from  Ref.  16;  c  from 
39). 


Besides  these  changes,  the  proximity  of  collision  partners  within  the  condensed  medium 
or  the  cluster  will  enhance  the  production  of  parent  negative  ions  (e.g.,  O,’).  Furhermore^ 
the  negative  ion  properties  of  single  molecules  or  clusters  with  strong  zero  or  near-zero 
nondissociative  electron  attachment  resonances  are  strongly  influenced  by  inelastic  electron 
scattering  by  the  cluster  constituents.  This  is  beautifully  illustrated  in  Fig.  17  where  the 
production  of  (OJi  in  mixed  clusters  is  strongly  influenced  by  the  inelastic  electron 
scattering  by  Nj.  especially  by  the  inelastic  elecuon  scattering  via  the  2.3  eV  negative  ion 
resonance  N,  '  (*n ),  The  yield  of  this  ion  exhibits  a  strong  resonance  at  -  2.3  eV  in  the  ^ 
of  the  OVNj  clusters  (Fig.  17b)  which  is  absent  in  the  homogeneous  clusters  of  Oj  (Fig.  17a). 
The  profound  effect  of  inelastic  electron  scattering  (especially  via  NIRs)  by  the  cluster 
constitutents  on  the  intensity  and  energy  dependence  of  the  anions  formed  in  clusters  by  the 
capture  of  "near-zero"  energy  electrons  indicates  that  such  processes  can  be  employed  to 
probe  electronic  and  negative  ion  states  of  molecules  in  clusters. 


Figure  17.  Yield  of  (0.)i  from  (a)  pure  O,  clusters  and  (b)  OVN,  clusters  (OVN.  gas  mixture  ratio  1/10). 
The  stagnation  pressure  was  4  bar^*.  The  pronounced  additional  resonance  in  (b)  at  -  2.3  eV  is  due  to^tbe 
formation  of  (OJj‘  by  capture  of  eiectrons  inelastically  scattered  to  near-zero  energy  via  the  2.3  eV  N, 
(^n,)  resonance  of  N,. . 


PHOTODETACHMENT  IN  GASES,  LIQUIDS,  AND  CLUSTERS 


The  phoiodeiachmeni  of  electrons  from  negative  ions  in  low-pressure  gases  is  well- 
understood  and  the  relation  of  the  photodetachment  threshold  Ey,  to  the  electron  affinity,  £A. 
of  the  electron  attaching  species  is  well-established  (e.g.,  see  Ref.  13).  Near  threshold,  the 
photodetachment  cross  section,  a^,,,  is  predicted*''^^  to  vary  as 

o^£)  =  (15) 


where  B  is  a  constant.  E  =  htj  is  the  photon  energy,  and  k  and  /  are  the  linear  and  angular 
momenta  of  the  ejected  electron.  For  atoms.  A,  the  value  of  the  E.^  for  the  process 


A*+hv-A+e  (1^) 

is  equal  to  the  electron  affinity  EA(A)  of  A,  which  in  turn,  is  equal  to  the  "vertical 
detachment  energy"  (VDE).  For  molecules,  M.  the  relation  of  E^,  for  the  process 


M'  *  hv  ~  M  *  e  (1^ 

to  the  electron  affinity.  EA(M),  of  M  and  the  VDE  is  complicated  by  possible  differences 
in  the  structural  parameters  of  M  and  M‘.  If  we  define  the  VDE  for  (17)  as  the  minimum 
energy  required  to  eject  the  electron  from  the  negative  ion  in  its  ground  electronic  and 
molecular  state  without  changing  the  intemuclear  separations,  then  the  VDE  is  related  to  the 
EA  and  E^,  by 


£,*  =  KD£  =  £4  +  A£,  (18) 

i.e.,  the  VDE  for  ( 17)  exceeds  the  EA  by  AE;  the  magnitude  of  AE  depends  on  the  relative 
positions  of  the  potential  energy  curves  (surfaces)  of  M  and  M'. 

The  photodetachment  of  electrons  from  negative  ions  in  dense  gases,  liquids  and  clusters 
has  been  studied-and  the  energetics  of  the  process  have  been  related  to  their  gas-phase 
values-for  only  a  limited  number  of  cases  (e.g.,  see  Refs.  43-46).  Even  more  limited  seem 
to  be  the  measurements  of  the  photodetachment  cross  sections.  Experimental  studies  are  in 
progress  at  the  author's  laboratory  to  determine  the  photodetachment  energetics  and  cross 
sections  as  a  function  of  medium  density  from  a  low-pressure  gas  to  the  liquid.  Establishing 
the  energetics  and  the  cross  sections  for  photodetachment  as  a  function  of  the  nature  and 
density  of  the  medium  is  significant  because  it  gives  a  direct  measure  of  the  stability  of  the 
anion  in  dense  matter  and  because  it  provides  a  basic  input  for  understanding  electron 
transfer  mechanisms  in  dense  matter. 

In  dense  gases,  liquids  and  clusters,  the  photodetachment  process  for  molecular  negative 
ions  is  complicated  by  the  effect  of  the  medium  on  E,^  and  the  potential  energy  curve 
(surface)  of  M'.  Rewriting  reaction  ( 17)  for,  say,  the  liquid  as 


ii- 


*  hv  -  *■ 

and  assuming  that  (EA)l  =  (EA)^  +  V„-  P'  (Refs.  1.44)  we  have 


(19) 


=  (EA)g  *  y,  -  P-  *  (A£)t  (20) 

where  and  P'  are  the  polarization  energies  of  the  electron  and  the  negative  ion  in  the 
medium,  and  (EA)l  and  (EA)q  are  the  values  of  the  electron  affinity  of  M  in  the  liquid  and 
the  gas  phase. 

Among  the  few  studies  of  photodetachment  of  negative  ions  in  liquids  is  that  on  CjFj 
(Refs.  43,44).  Let  us,  then,  by  way  of  example,  refer  to  the  method  of  Faidas  et  al.  [44] 
which  utilizes  a  two-laser  photoconductivity  technique  suitable  for  photodetachment  studies 
in  dense  fluids  and  the  results  they  obtained  on  QFj  photodetachment  in  liquid  TMS  using 
this  method.  A  schematic  of  their  experimental  arrangement  and  an  outlay  of  the  principle 
of  their  technique  is  shown  in  Fig.  18.  A  cell— with  appropriate  light  windows  and 
feedthroughs-contains  the  molecule  (QF^)  under  study  disolved  in  the  liquid  (TMS)  at  an 
appropriate  concentration.  Two  counter-propagating  coaxial  laser  beams  traverse  the 
interaction  volume  in  the  liquid  cell  with  a  time  delay  of  -  5  ps.  The  first  laser  beam  from 


(a) 


EXCIMER 

LASER 


„  rATTAC 


ATTACHING  MOLECULES 


DYE 

LASER 


Figure  18.  Scbematics  of  the  two  laser  pbotodetacJuneni  lecbnique  and  an  oscillogram  of  tbe  conductivity 
signal  (see  ibe  text  and  Ref.  44). 


an  excimer  laser  (X  =  308  nm; /whm  =  15  ns)  ionizes  biphoionically  ihe  liquid  and  produces 
electrons  which  give  rise  to  a  fast  signal  (initial  drop  in  Fig.  18b  identified  by  i  and  the 
process  nhu  +  X  ->  X*  +  e).  These  electrons  quickly  (within  <  1  ns)  attach  to  CjF^  forming 
CjFj  (process  e  +  M  -4  M"  in  Fig.  18b);  the  slow  falling  portion  of  the  signal  (indicated  by 
M‘  in  Fig.  18b)  after  the  initial  steep  fall  is  due  to  these  slow-moving  anions.  At  the  preset 
time  delay  (-  5  (is),  the  second  laser  pulse  (tunable  dye  laser,  /whm  =  0.6  ns)  detaches  the 
electron  from  (when  hu  >  (Ea,)L)  and  produces  a  second  transient  signal  (step  drop  in 
Fig.  18b  identified  with  i  and  hu  +  M'  ->  M  +  e),  followed  by  a  slow  drop  when  the 
detached  electrons  attach  to  CjFt  again  forming  slow  moving  QF^. 

The  basis  for  determining  the  photodetachment  cross  section  OpjCE)  as  a  function  of  the 
photon  energy  E  can  be  seen  by  referring  to  Fig.  19.  The  first  (excimer)  laser  pulse  has  an 
essentially  flat  intensity  profile  I,(r)  for  distances  r  <  a  where  a  is  the  radius  of  the  cross 
sectional  area  of  the  interaction  volume  (Fig.  19a).  This  pulse  generates  electrons  uniformly 
in  the  interaction  volume  with  a  density  distribution  n^(r)  a  I,^(r).  Under  the  experimental 
conditions  employed  by  Faidas  et  ai.  all  these  electrons  were  captured  by  CgF*  within  1  ns 
and  the  resultant  negative  ions  C^Fj  were  essentially  stationary  with  an  ion  density 
distribution  ni(r)  =  n^Cr)  o  I,*{r)  when  the  second  (tunable  dye)  laser  pulse  amved  -  5  ps  later. 
The  intensity  profile  I„(r)  of  the  dye  laser  pulse  was  Gaussian  and  lay  well  within  a  (Fig. 
19c).  The  density  distribution,  n^(r),  of  the  photodetached  electrons  is 


Under  the  experimental  conditions  employed,  n^lr)  «  ni(r),  the  I,(r),  n,(r),  and  I,,(r)  were 
virtually  constant  along  the  axis  of  the  interaction  volume,  and 


I, 

Thus,  <Jpj(E)  can  be  determined  from  a  measurement  of  the  ratio  of  the  total  number 
of  photodetached  electrons,  N^,  to  the  total  number  of  negative  ions  N„  a  measurement  of 
the  total  number  of  photons  in  the  dye  laser  pulse  1,  and  a  knowledge  of  o  and  the  intensity 
profiles  of  the  two  laser  beams. 

In  Fig.  20  is  shown  the  for  QF/  in  TMS  (T  -  298  K)  determined  by  this 

technique.  The  cross  section  o^(E)  exhibits  two  well-defined  maxima  at  2.58  and  3.15  eV 
due  presumably  to  excited  negative  ion  states  of  QF^'.  The  photodetachment  threshold  (E^Il 
was  determined  by  fitting  the  experimental  measurements  near  threshold  to 


(o^  /£)'"•  =  fl[£-(£rt)J  (23) 

with  n  =  l/2(2/+l).  The  best  fit  was  obtained  for  n  =  3/2  (i.e.,  /  =  1,  see  Eqs.  (15)  and  (23)) 
and  (E^iIl  =  1.51  eV.  Using  this  value,  Eq.  (20),  and  literature  values  of  (EA)q  Faidas  et  al. 
concluded  that  the  electron  affinity  of  C^Fj  is  lowered  in  liquid  TMS  by  -  0.4  eV  compared 
to  its  isolated-molecule  value. 


Figure  19.  Schematics  of  the  pbotodetachmeni  technique  illustrating;  (a)  the  laser  interaction  region,  (b) 
the  type  of  signal  measured,  and  (c)  the  laser  intensity  and  negauve  ion  density  profiles  (see  the  test  and 
Ref.  44). 
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Figure  20,  TTic  absolute  photodctachmcnt  cross  section  (right-hand  side  Y  axis)  of  in 
leirameihylsilanc  as  a  function  of  the  photon  energy,  E,  and  a  linear  least  squares  fit  of  (Op^^)^  (left-hand 
side  Y  axis)  for  E  <  1*95  cV.  The  inicrccpi  with  the  X  axis  gives  a  threshold  energy  E-,  of  1.51  cV 
(Ref.  44). 


Finally,  phoiodetachment  studies  on  a  number  of  cluster  negative  ions  aided  considerably 
our  understanding  of  the  energetics  of  the  process.  E.xperimenul  studies  on  the  venictd 
values  of  EA  (photodetachment  thresholds:  e.g.,  see  Refs.  45,46)  revealed  the  existence  of 
the  expected  (Fig.  13,  and  Refs.  6  and  11)  specific  size  variations  and  the  smooth  (increase) 
transition  to  the  bulk  propeny  as  the  cluster  size  is  increased.  This  is  clearly  shown  in  Fig. 

2 1  where  the  measured  EA  values  of  Cu,  clusters  are  plotted  as  a  function  of  cluster  size'**. 
Odd  copper  clusters  are  seen  to  have  substantially  lower  EA  than  adjacent  even  clusters  and 
this  continues  at  least  through  Cu,,'.  It  was  pointed  out^*  that  the  LUMO  (lowest 
unoccuppied  molecular  orbital)  of  the  even  clusters  would  be  expected  to  be  strongly 
aniibonding  and  the  corresponding  negative  ion  more  weakly  bound  than  if  the  electron  were 
to  be  placed  in  the  half-filled  nonbinding  HOMO  of  an  odd  cluster.^ 

The  electron  affinity.  EA(n),  of  the  larger  clusters  would  be  predicted  to  increase  as  (e.g., 
see  Ref.  6) 


£4(«)  =  EA(R^)  =  £4(00)  -  a  ^  (24) 

where  EA(®o)  is  the  bulk  band  energy  and  a  =  1/2  for  the  polarization  and  a  =  5/8  for  the 
metal  droplet  model  of  negative  metal  clusters.  The  predictions  of  (24)-as  in  the  case  of  (5), 
(10),  and  (20)  we  have  seen  earlier— depend  on  the  accuracy  of  R^. 


^  affiniUes  for  Cu.  compared  wiih  predicuons  of  ihe  classical  spbencal 

R  f  -S  ‘  Eq.  (24)  and  a  =  5/8.  EA  (-)  =  4.65  eV. 

=  I  ai  i ‘.L  A  /  "  J*  *  ^ ^  average  distance  between  tbe  atoms  in  tbe  bulk) 

and  At  (correcuon  for  orbital  overlap  among  bounded  atoms)  =  0.53  A  (from  Ref.  45). 


’An  opposite  alternation  is  exhibited  by  the  ionization  Utrcshold  energy  I  (i.e.,  (e  g.,  see  Ref 
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